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Abstract 

This article reviews the current status of spin dynamics in semiconductors which has achieved a lot of progress 
in the past years due to the fast growing field of semiconductor spintronics. The primary focus is the theoretical and 
experimental developments of spin relaxation and dephasing in both spin precession in time domain and spin diffusion 
and transport in spacial domain. A fully microscopic many-body investigation on spin dynamics based on the kinetic 
spin Bloch equation approach is reviewed comprehensively. 
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1. Introduction 

Since the pioneering works by Lampel and Parsons and the following extensive experimental and theo- 
retical works at loffe Institute in St. Petersburg and Ecole Poly technique in Paris in 1970s and early 1980s, a lot of 
understanding on spin dynamics in semiconductors has been achieved. Some basic spin relaxation and dephasing 
mechanisms have also been proposed at that time. A nice review on these findings can be found in the book "Optical 
Orientation" [3J. 

Starting from the late 1990s, there is a big revival of research interest in the spin dynamics of semiconductors, 
jump-started by some nice experimental works by Awschalom and co-workers fllH. An extensive number of ex- 
perimental and theoretical investigations have been carried out on all aspects of spin properties. Properties of spin 
relaxation and dephasing in both the time domain (in the spacial uniform system) and the spacial domain (in spin 
diffusion and transport) have been fully explored in different materials at various conditions (such as temperature, 
external field, doping density/material and strain) and dimensions (including bulk materials, quantum wells, quantum 
wires and quantum dots). These materials include III-V and II- VI zinc-blende and wurtzite semiconductors and sil- 
icon/germanium, as well as diluted magnetic semiconductors. The spin relaxation and dephasing mechanisms have 
been rechecked and reinvestigated at different conditions. The spin-related material properties have also achieved 
much progress along with these investigations which facilitate the better understanding of the observed phenomena as 
well as the manipulation of the spin coherence. Many novel spin-related properties, such as the spin Hall effect |6-'l2l, 
spin Coulomb drag effect ||T3-15], spin photogalvanic effect 17] and persistent spin helix effect U 8-201. have 



been discovered. For the sake of realizing the spintronic devices such as spin transistors, there have been extensive 
investigations on spin injection and detection. Much progress has been achieved on the spin injection from ferromag- 
netic materials into semiconductors. Nevertheless, a satisfactory realization of spin transistor which is crucial to the 
application of semiconductor spintronics is yet to come. 

Despite decades of studies, theoretical understanding of the spin relaxation and dephasing which is one of the pre- 
requisites of the realization of spintronics, in both spacial uniform and nonuniform systems is still not fully achieved. 
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Many new experimental findings go far beyond the previous theoretical understandings, thanks to the fast development 
of experimental techniques including the sample preparations and ultrafast optical techniques. Some of the physics 
requires a many-body and/or non-equilibrium (even far away from the equilibrium) theory. However, the previous 
theories Jstl are all based on the single-particle approach and for systems near the equilibrium which thus have their 
strict limits in applying to the nowadays experiments. Some even give totally incorrect qualitative predictions. Wu 
et al. developed a fully microscopic many-body kinetic spin Bloch equation approach to study the spin dynamics in 
semiconductors and their nanostructures. Unlike other approaches widely used in the literature which treat scattering 
using the relaxation time approximation, the kinetic spin Bloch equation approach treats all scattering explicitly and 
self-consistently. Especially, the carrier-carrier Coulomb scattering is explicitly included in the theory. This allowed 
them to study spin dynamics not only near but also far away from the equilibrium, for example, the spin dynamics 
in the presence of high electric field (hot-electron condition) and/or with large initial spin polarization. They applied 
this approach to study spin relaxation/dephasing and spin diffusion/transport in various kinds of semiconductors and 
their nanostructures under diversified conditions and have offered a complete and systematic understanding of spin 
dynamics in semiconductors. Many novel effects were predicted and some of them have been verified experimentally. 

In this review, we try to provide a full coverage of the latest developments of spin dynamics in semiconductors. 
Both experimental and theoretical developments are summarized. In theory, we first review the studies based on the 
single-particle approach. Then we provide a comprehensive review of the results based on the kinetic spin Bloch equa- 
tion approach. We organize the paper as follows: We first review the spin interactions in semiconductors in Section 2. 
Then we briefly discuss the physics of spin dynamics in semiconductors in Section 3. Here we review the previous 
understanding on spin relaxation and dephasing mechanisms. Differing from the existing nice reviews on these topics 
ll2li - 231 , we try to provide a full and up-to-date picture of spin dynamics of itinerant carriers in semiconductors. We 
then review the latest experimental developments on spin relaxation and dephasing in time domain as well as the latest 
theoretical investigations based on the single-particle approach in Section 4. The theoretical investigations of the spin 
relaxation and dephasing in the spacial uniform systems based on the kinetic spin Bloch equation approach together 
with the experimental verifications are reviewed in Section 5. In Section 6 we review the latest experimental and the- 
oretical (single-particle theory) results on spin diffusion and transport. Then in Section 7 we review the investigation 
on spin diffusion and transport using the kinetic spin Bloch equation approach and the related experimental results. 
We summarize in Section 8. 



2. Spin interactions in semiconductors 

2.1. A short introduction of spin interactions 

Before introducing the spin interactions, it should be mentioned that the "spins" in semiconductors are not pure 
spins, or in other words, they are angular momentums which consist of both spin and orbital angular momentums. A 
direct consequence is that the ^-factor is no longer = 2.0023 of pure electron spins. 

There are various spin interactions in semiconductors. Besides the Zeeman interaction, there are spin-orbit cou- 
phng due to the space inversion asymmetry or strain, s{p)-d exchange interaction with magnetic impurities, hyperfine 
interaction with nuclear spins, spin-phonon interaction, electron-hole and electron-electron exchange interactions. 
Among these interactions, spin-orbit coupling usually plays the most important role in spin dynamics. For electrons 
in conduction band, spin-orbit coupling consists of the DresseUiaus, Rashba and strain-induced terms. For valence 
band electrons, besides these terms, there is an important spin-orbit coupling from the spin-dependent terms in the 
Luttinger Hamiltonian in cubic semiconductors. These spin-orbit couplings make the motion of carrier spin couple 
with the orbital motion and give rise to many novel effects in coherent (ballistic) and dissipative (diffusive) electron 
spin/charge dynamics. A direct consequence is that the spin polarization of a wave packet oscillates during its prop- 
agation 124- 311. Recent studies indicate that as the precession during the electron propagation correlates the spin 
polarization with real-space trajectory, the spin lifetime is enhanced at certain spacial inhomogeneous spin polariza- 
tion states, such as, some spin grating states |18, 2^ 32-37']. Another important spin interaction is the exchange 



interaction between carriers due to the permutative antisymmetry of the many-body fermion wavefunctions. It has 



been demonstrated to be important for spin dynamics of electrons in quantum dots Il38ll and localized electrons bound 



to impurities |3^ i^]. The effect of the exchange interactions between /ree electrons on spin dynamics was only 



observed in experiments very recently and has attracted interest 1.41,-,43,] . though it has been predicted much earlier 



m 
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Spin interactions together with the induced spin structures are the physical foundations of the vital topic of co- 
herent spin manipulation which is crucial for spin-based quantum information processing |!45-52] and spintronic 
device operation [,22.,53 - ,56.1 . For example, spin-orbit couplings enable coherent manipulation of spin by electric field 
iSlilnS]- As electric field is more easily accessible and controllable in genuine electronic devices at nanoscale, 
the electrical manipulation of spins is important for semiconductor spintronics. The idea has been extended to a large 
variety of schemes of electrical or optical manipulation of spin coherence: coherent control via electrical modulation 
of g-tensor in nanostructures with spacial-dependent ^-tensor 1177148 ill : and similar scheme based on spatially varying 
magnetic field 1821. [83^ 1. or hyperfine field fl^ 84, 85]; coherent manipulation based on tuning the exchange inter- 
action between electrons in a double quantum dot by gate-voltage [38. ,861 : coherent spin manipulation via detuned 
optical pulses which act as effective magnetic puls es as the Stark shift is spin-dependent due to spin-dependent virtual 
transition of the circularly polarized light 187149511 . The p-d or s-d exchange interactions and the induced spin struc- 
tures further enable the above schemes to control Mn ion spins in paramagnetic phase [96n98il or magnetization in 
ferromagnetic phase in magnetic semiconductors via manipulating carrier spins. 

One of the key obstacles for spintronic device operation and spin-based quantum information processing is the spin 
relaxation and spin dephasing (i.e., the decay of the longitudinal and transverse spin components, respectively). Spin 
relaxation and spin dephasing, in principle, also originate from the spin interactions: the fluctuation or inhomogeneity 
in spin interactions leads to spin relaxation and spin dephasingQ For example, the spin-o rbit coupl ing is the origin of 



one of the most efficient spin relaxation mechanisms-the D'yakonov-Perel' mechanism 11011110211 . Spin mixing due 



to conductio n- valence band mixing together with momentum scattering give rise to the Elliott- Yafet spin relaxation 
mechanisms fl03',T0?]. Other spin relaxation mechanisms are the s(p)-d exchange mechanism, the Bir-Aronov-Pikus 
mechanism [ 105., .1061 due to the electron-hole exchange interacti on [107.1 . the hyperfine interaction mechanism and 
the anisotropic exchange interactions between localized electrons 1 3^ 40ll . Spin relaxation and dephasing in genuine 
semiconductor structures are the consequence of the coaction of these mechanisms . Hen ce it is important to determine 
the dominant spin relaxation mechanism under various conditions [3. 23. 39. 108l4l 1211 . 

Finally, as the focus of this review is spin dynamics in semiconductors, we only provide an overview for various 
spin interactions and explain the related physics using intuitive and qualitative pictures. For details, we suggest the 
salient wor ks in the existing literature: for spin-orbit coupling in semiconductors, the readers could refer to the book 
by NV inkler j 1 1 3ll : for kno wledg e of the s(p)-d exchange interactions, we suggest the review article by Jungwirth et al. 
01 141 and that by Furdyna [115] and references therein; the hyperfine interaction in semiconductors has been reviewed 
recently by Fischer et al. [1 161 : details of the spin-phono n interact i on c an be found in Ref. [1 17,1 : the electron-hole 
exchange interaction has been discussed in detail in Refs. ifMITTslfTTgli . 



2.2. Spin-orbit interactions in semiconductors and their nanostructures 

A consequence of the relativistic effect in atomic and condensed matter physics is that an electron moving in the 
atomic potential V{r) feels an effective magnetic field acting on its spin 
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4m^c^ 



p ■ [o- X (Vy(r))] . 



(1) 



where mo and c represent the free electron mass and the velocity of light in vacuum, respectively, cr is the Pauli 
matrices, and p stands for the canonical momentum. V(r) is the total potential generated by other charges. In semi- 
conductors, y(r) includes the periodic potentials generated by the ion-core, the deviation of the periodic potential due 
to defects and phonons, and the external potential. This is the origin of various spin-orbit interactions in semiconduc- 
tors. 



2.2.1. Electron spin-orbit coupling term in semiconductors due to space inversion asymmetry 

In semiconductors with space inversion symmetry, the electron spectrum satisfies the following relation, Sk-f = etj^. 
This is the consequence of the coaction of the time-reversal symmetry and the space-inversion symmetry. In the 
absence of space inversion symmetry, ^ki- In this case, there should be some term which breaks the spin 



A practical operating sclieme sliould both control the spin interactions and avoid their fluctuation and inhomogeneity carefully. Optimization 
of the ability of coherent control and spin lifetime is often needed. 
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degeneracy of the same k states. The term should be an odd function of both k and cr as it breaks the space inversion 
symmetry whereas keeps the time reversal symmetry. This term is the so-called the spin-orbit coupling term. For 
electron with spin S - 1 /2, as cr,crj - 6ij + \eijk(Tk (i, j, k - x,y,z and eiju is Levi-Civita tensor), only the linear form 
of cr, can appear in the spin-orbit coupling term. Hence, the only possible form of the spin-orbit coupling term is 



//so = ^n(k) ■ 0-, 



(2) 



where n(k) is an odd function of k, which acts as an effective magnetic field. In a reversed logic, any electron spin- 
orbit coupling which can be written in the form //so - Tjn.mjj CmjCr'! /{"J , can be reduced to the form of Eq. (|2]i. Hence 
the breaking of the space inversion symmetry is a prerequisite for the appearance of electron spin-orbit coupling term 
in semiconductors]^ 

In semiconductors, there are several kinds of space inversion asymmetry: (i) the bulk inversion asymmetry due to 
structures lacking inversion center lll23ll . such as zinc -blende III-V or II- VI semiconductors; (ii) the structure inversion 
asymmetry resulting from th e inversio n asymmetry of the potentials in nanostructures including external gate-voltage 
and/or built-in electric field 1 124 . 125^: and (iii) interface inversion asymmetry associated with the chemical bonding 
within interfaces |„12d, 127 1. Besides, strain can also induce inversion asymmetry and leads to spin-orbit coupling. 
The explicit form of the spin-orbit couplings due to these space inversion asymmetries can be obtained, e.g., by the 
kptheorv lflTl . 



2.3. Explicit form of the spin-orbit coupling terms in semiconductors 

The explicit form of the spin-orbit coupling in semiconductors can be derived from the k ■ p theory. For common 
III-V and II- VI semiconductors, such as GaAs, I nAs, CdT e and ZnSe, the minimum k ■ p theory to describe carrier 
and spin dynamics is the eight-band Kane model 111 13lll28ll . In the following, we introduce the spin-orbit coupling in 
the framework of such model. 



2.3.1. Kane Hamiltonian and block-diagonalization 



In zinc -blende structures, the Kane model is of the following form 01 17 1 



//i 



Kane 



He 

Hc,v 



Hc,v 

H, 

h1 ,„ 



He 
H 



(3) 



The subscript c, v, sv denote the conduction, valence and the split-off valence bands respectively. As //c_,>, H^. ^v 
and He,sv are nonzero, the electron motions in these bands are coupled together, which are obviously too complex. 
Fortunately, the couplings between these bands are much smaller than their separations. By a perturbative block- 
diagonalization, one can decouple the motions in these bands. The block-diagonalization is achieved by the Lowdin 
partition method 1 129] which is actually a unitary transformation. For example, the eigen-energy E„{k) and eigen-state 
^n{^) of the original Kane Hamiltonian satisfy the following eigen-equation 



i/Kane^„(k) = £„(k)>I'„(k). 



(4) 



After a unitary transformation, 



^Kane%(k) = £„(k)>P„(k), 



(5) 



where ^Kane - UH^i-iaeU^ IS block-diagonal. As the couplings between bands //(. ,,, //,, „. and He^sv are small near 
the center of the concerned valley (For most of the III-V and II- VI semiconductors, the concerned valley is F valley. 



^Note that, it was found that there is intersubband spin-orbit coupling even in symmetric quantum wells Il20lll2l1l . which seems to contradict 
the above conclusion. However, even in symmetric quantum wells, the space inversion symmetry is broken at the boundary of the quantum well 

flaolfmli . 

'Differently, hole has spin J = 3/2, where jf I. Hence, terms which are quadratic in J can appear in the spin-orbit coupling. These terms 
should be even in k in order to keep the time-rev ersal symmetry. Hence, hole can have spin-orbit coupling terms which do not break space inversion 
symmetry. Actually, the Luttinger Hamiltonian Il22ll only contains spin-dependent terms quadratic in k. 
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where k = is the valley center.), the results can be given in a perturbative expansion series. Below, we give the 
results with only the lowest order nontrivial terms kept, which are enough for the discussion of spin dynamics in most 
cases. Besides the transformation of the Hamiltonian, the wavefunction also changes slightly, ^„{k) - U^„{k). This 
modification of the wavefunction always leads to the mixing of different spin states. In the presence of spin-mixing, 
any momentum scattering can lead to spin flip and spin relaxation, which gives the Elliott- Yafet spin relaxation 
mechanism 1. 103;., 104,1 . 

In the following, we present the conduction (electron) and valence (hole) band parts of the block-diagonal Hamil- 
tonian //Kane- 



2.3.2. Electron Hamiltonian and spin-orbit coupling in bulk system 

By choosing x, y, z axes along the crystal axes of [100], [010] and [001] respectively, the electron Hamiltonian 
can be written as 

I 1 

He^ - — + -SId ■ (T + -lis ■ (6) 

where me is the electron (conduction band) effective mass. The second and third terms in the right hand si de of 
the above equation describe the DresseUiaus spin-orbit coupling [123] and strain-induced spin-orbit coupling 1117 1 
respectively. 

Qd. = 2yDkAk] - k% Sis, = ^C^ie.yky - e,,fc) + 2Dk,{eyy - e,,), (7) 

with other components obtained by cyclic permutation of indic es. Here jd is the DresseUiaus coefficient, which can be 
expressed formally as jd - 2ri/[3mcy ^ImgEgil - ?7/3)] jl 17ll . where ?/ - Aso/(£'g + Aso) with Eg and Aso being the 
bandgap and the spin-orbit splitting of the valence band respective ly, m cv is a parameter with mass dimension and is 
related to the interaction between the conduction and valence bands [ll 171]. The coefficients yo, C3 and D are crucial for 
spin dynamics. There have been a lot of studies on these quantities, especially yp, in common III-V semiconductors 
(such as GaAs, InAs, GaSb and InSb) both theoretically and experimentally iITitI [l30Ul4lll . Interestingly, these 
studies give quite diff'erent values of jo in GaAs from 7.6 to 36 eV A^. Detailed lists of jd in GaAs in the literature 
are presented in Refs. ll39Ul4lll . Lat est theore tical advancements include the first principle calculations 111391 114111 
and full-Brillion zone investigations 1 141 , 142ll . Recently, from fitting the magnetotransport properties in chaotic 
GaAs quantum dots I l40i1 and from fitting the spin relaxation in bulk GaAs via the fully microscopic kinetic spin 
Bloch equation approach ll lOll . jo in GaAs was found to be 9 and 8.2 eV-A^ respectively, which are close to the 
value Jd - %.5 eN-A^ from ab initio calculations with GW approximation [139]0 The coefficient for strain-induced 
spin-orbit coupling is C3 = 2c2/7/[3 ^Im^Egil - ri/3)], where C2 is the interband deformation-potential constant. 
D comes from higher order corrections which is usually smaller than C3. The strain-induced spin-orbit coupling 
was studied experimentally in Refs. |77, 1441 indicating that the strain induced spin-orbit coupling can be more 
important than the Dresselhaus spin-orbit coupling and that both the C3 and D terms can be dominant. Recently, the 
coefficients C3 and D from ab initio calculations showed good agreement with the experimental results 1.145.1 . where 
C3 = 6.8 eV-A and D = 2.1 eV A. 



2.3.3. Electron spin-orbit coupling in nanostructures 

Electric field can also break the space inversion symmetry and lead to additional spin-orbit coupling 11124 112511 . 
In III-V and II- VI heterostructures the induced spin-orbit coupling, named the Rashba spin-orbit coupling, can be 
as im portant as (or even more important than) the Dresselhaus spin-orbit coupling due to bulk inversion asymmetry 
lll46ill47tl . The effect is caused by the total electric held, including the external electric held due to gate-voltage, the 
electric ffeld due to built-in electrostatic potential and the electric held due to interfaces [113]. The leading effect of 
interfaces is to produce a spacial variation of band edge, which thus leads to an effective electric field. Via Lowdin 
partition method, one obtains 

Hr = aoo- ■ (k X £,,(r)). (8) 

Here cq - eT](2 - t])P^ /{3mQE^) with P being the interband momentum matrix ['113^ fii.(r) - Vy,,(r)/|e| where y,,(r) 
is the potential felt by valence electron. Averaging £i,(r) over, e.g., the subband wavefunction of a quantum well, one 



''There are other recent papers ll4lLll43h with yo close to 8.5 eV A^^. 
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has 



Hr - uro- ■ (k X n), 



(9) 



where an = Q'()(fi,,(r)) is the Rashba parameter and n is a unit vector along the growth direction of the quantum well. 

Historically, there is a paradox about the Rashba parameter. According to the Ehrenfest Theorem, the average 
of the force acting o n a b ound state is zero. Therefore, the Rashba parameter should be very small. This paradox is 
resolved by Lassnig lll48ll . who pointed out that for the Rashba spin-orbit coupling in conduction band, is related 
with the average of the electric field in valence band over the conduction band (subband) wavefunction. As pointed 
out above, the electric potential on the valence or conduction band comprises three parts. 



Vv(r) = yext(r) + ybuiit(r) + E,ir), y,(r) = yext(r) + ybuii,(r) + E,{r), 



(10) 



where Edr) and Ey{r) are the position dependent conduction and valence band edges, ybuiit(r) is the built-in electro- 
static potential and yext(r) is the external electrostatic potential. Let ycoui(r) = yext(r) + ybuiit(r) [total electrostatic 
(Coulomb) potential]. According to the Ehrenfest theorem, one has (Vycoui(r)) - -(V£'c(r)), as the average over the 
(conduction) electron wavefunction (denoted as (...)) of the net force felt by electron is zero. If the ratio of the valence 
band offset to the conduction band one is n.r, then 



<Vy.(r)) = <V(ycoui(r) + r,,E,(m = (1 - r„,)<Vycoui(r)). 



(11) 



For example, in GaAs/AlvGai_jAs quantum wells r,,f ^ -0.5, hence 1 - r,,(. ^ 1.5. Therefore, the Rashba spin-orbit 
coupling is proportional to the average of the sum of the external and built-in electric field. The above discussion is 
just a simple illustration on the existence of the Rashba spin-orbit coupling, where a few factors have been ignored. 
Nevertheless, the indication that the Rashba spin-orbit coupling can be tuned electrically inspired the community. 
Many proposals of spintronic devices based on electrical manipulation of spin-orbit coupling, such as, the spin field- 
effect transistors |i54J, were proposedQ In this background, the Rashba spin-orbit couplings in various heterostructures 
have been studied e xtensively . Theoretical investigations on the Rashba spin-orbit coupling in quantum wells were 
performed in Refs. l'l5l 4l57ll . Specifically, it was found that even in symmetric quantum wells, the built-in electric 
field contribute s an inter subband Rashba spin-orbit coupling, though it does not contribute to the intrasubband spin- 
orbit couphng lfl20[[l2lll . 

Experimental methods to determine the spin-orbit coupling coefficients consist of magnetotransport (including 
both the Shubnikov-de Haa s osc i llatio n LI 5 8. - . 16 8.1 and weak (anti-)localization 111 37 . optically probed spin 

dynamics (spin relax ation 1 177 - ITSil and spin precession ll60ll \ electron spin resonance |180] and spin-flip Raman 
scattering lll33Ul8l[l . etc. Recently, it was proposed that the ra diation-induced oscillatory magnetoresistance can be 
used as a sensitive probe of the zero-field sp in-spUttin g 11 18211 . The experiment al re sults indicated that the largest 



16311 or even 40x10 



-12 



Rashba p arame ter or can be 30x10 eV-m 11161 

for GaSb 1 180] quantum wells, while the smallest Rashba parameter can be negligible 11178 



eV-m I1165D for_InAs and 14x10 '^ eV m 
61 



In asymmetric quantum wells, both the Rashba and Dresselhaus spin-orbit couplings exist. After averaging over 
the lowest subband wavefunction in (001) quantum well, the Dresselhaus spin-orbit coupling becomes. 



(12) 



where - yD{k\) - J dz^\{z)* {-d\)^\(z) with (p\(z) being the lowest subband wavefunction. In narrow quantum 
wells, the linear-k term dominates. The ratio of the strength of the Dresselhaus spin-orbit co uplin g to the Rashba one 
PdIcir can be tuned by the well width or the electric field along the growth direction fyL< 113 1. The electric field 
dependence of the Dresselhaus and Rashba spin- orbit couplings in GaAs/AlvGai_ i As quantum wells for varies well 
widths was studied in the work by Lau and Flatte il46ll . indicating that under high bias the Rashba spin-orbit coupling 
can exceed the Dresselhaus one[] The interference of the two spin-orbit couplings leads to anisotropic spin splitting. 



For recent advancement in expe rimen t on the spin field-effect transistors, see. e.g., Refs. I55lll49lll50 

*Tlie channel width dependence Il67ll . density dependence 1 159-162, 165, 166, 169-173], gate-voltage dependence 1 158, 159', 163, 164.'l73l 

178ll , temperature dependence \ \'T% and interface eft'ect [162, 165, 172„J74, 184J were investigated in various materials from InAs, InGaAs and 



GaAs to GaSb. Rashba spin-orbit coupling in quantum wire was studied in Refs. Il85lll9lll . 

'The effects of structure inversion asymmet ry, heterointerface and gate- voltage on the D resselhaus and Rashba spin-orbit couplings in quantum 
wells were studied experimentally in Refs. t37il5llT3 lfT6lfT7llT7afT75[TM fT9 l 
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which hence resuhs in anisotrop ic spin precession Il64l - l67ll . spin relaxation lfl94Ul99ll . spin diffusion 

and spin photocurrent |200- 2021. Reversely, the ratio of Bo/ can be inferred fro m the aniso tropy of spin precession 

ll64ll203l] . spin relaxation [198..199i] . spin diffusion 33 1 and spin photocurrent I 200l 201 1. 



2.3.4. Hole Hamiltonian and hole spin-orbit coupling in bulk system 
The hole Hamiltonian can be written as 111 13 1 



(13) 



where H]^ is the Luttinger Hamiltonian, H'^q is the spin-orbit coupling due to the sp ace in version asymmetry and //hsp 
describes the h ole -st rain and hole-phonon interactions which can be found in Ref. Ill 1711 . The Luttinger Hamiltonian 



//l is given by Ill22ll (in the order of hole spin state J, - 



1 I 

"2' 2' 



I with z axis along [001] direction) 
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M* 


-u 


P + Q 



(14) 



where 



P=^k\ Q^J^ikl + kl-lkj), L = -^^^(k,-iky)k„ M^-^[y2ikl-kl)-2mk,ky], (15) 



with yi, 72 and 73 being the Luttinger parameters. 



i/^o = -(no + ns)-J 



(16) 



which is similar to the spin-orbit coupling in the conduction band except differed by a factor of 1 Irj. Here J 
(/t, Jy, J^) is the hole spin operator with J - 3/2. 

Under spherical approximation, the Luttinger Hamiltonian can be written in a compact form. 



i^^2^e + ^[h^-2(^.if] 



(17) 



where ji - (2j2 -H 373)/5. Under this approximation, the spectrum of hole becomes parabolic. 



(18) 



The indices A\ = +5, /I2 = ±| denote the hole spin. The four branches with different effective mass n\)j{'y\ + 272) are 
the light hole and heavy hole branches respectively. The two fold degeneracy of the spectrum is a consequence of the 
coexistence of the time-reversal symmetry and the space inversion symmetry of the Luttinger Hamiltonian. 

In zinc-blende III-V or II- VI semiconductors, j\ and 72 are usually of the same order of magnitude (e.g., in GaAs, 
71 = 6.85 and 72 = 2.5 i204ll ). Therefore the spin-dependent term in Eq. ( fTTT i (the spin-orbit coupling term) is com- 
parable with the spin-independent ones. This indicates that the spin-orbit coupling is very strong in bulk hole system, 
which is one of the main differences between bulk electron and hole s ystems. The m ain consequences are that: change 
in orbit motion (states) can influence strongly on spin dynamics i23l 1 1 1 3'. '205'. '206ll : the spin relaxation/dephasing is 
usually much faster in hole system (~ 100 fs) than in electron system l207,-,210il . 



2.3.5. Hole spin-orbit coupling in nanostructures 

As mentioned above the hole spin-orbit coupling is important in determining hole spectrum and its spin state. 
In nan ostructures , it is always necessary to diagonalize the hole Hamiltonian Eq. ( fT3l l including the confi ning po- 
tential 111 I3II 14311 . The dispersion and spin states can vary markedly with the confinement geometry 01 1311 . It was 
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demonstrated that in /?-GaAs quantum wells the in-plane and out-of-plane effective masses and ^-factors of the lowest 
heavy-hole subband can be quite different for different growth directions \113\ 

Similar to the electron case, the electric field can also induce the Rashba spin-orbit coupling in hole system, which 
is written as 11131 



(k X £,). 



In [001] grown quantum wells, it is reduced to 



(19) 



(20) 



where is a material dependent parameter [113] and (£(.) is the average of the electric field (along the growth 
direction) acting on conduction band over the hole subband envelope function. In practice, to obtain the Rashba spin- 
orbit coupling in, e.g., the lowest heavy-hole subband, one must further block-diagonalize the subband Hamiltonian 
via the Lowdin partition method 1 1 311 . Quite different from the electron case, the subband block-diagonalization 
gives another Rashba spin-orbit coupling which originates from the electric field on other hole subband rather than 
the conduction band. Practical calculation indicated that such kind of Ra shba spin-orbit coupling is more important 
than that due to the valence-conduction band coupling [Eq. 



spin-orbit coupling in the lowest heavy-hole subband is given by 111 1311 . 



20 |l] |113ll . The expression of such kind of Rashba 



7/™ = a""<£Ji(/t>_ - kio-^). 



J'h 



(21) 



where k± - k^ + iky, cr± - o-^ + icr,, with cr being the Pauli spin matrices in the manifold of hole spin 7, = -3/2, 3/2. 
(£.) is the electric field acting on the valence band averaged over the lowest hole subband envelope function. For an 
infinite depth rectangular quantum well llll3ll . 
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(22) 



where Aj'j = 1,2...) is the splitting between the i-th heavy-hole subband and the j-th light-hole subband. Similar 
to the case in electron system, the hole Rashba spin-o rbit coupling c an also be tuned by gate-voltage and structure 
asymmetry but now a'''' is also electric field dependent ill 13l l21 ll - l214ll . 



2.4. Spin-orbit coupling in nanostructures due to interface inversion asymmetry 

The interface inversion asymmetry is a kind of inversion asymmetry caused by the inversi on as ymmetric bonding 
of atoms at the interfaces of nanostructuresjj It was first pointed out by Aleiner and Ivchenko |5l5"] that the symmetry 
at the interface may be differe nt from the symmetry away from the interface, and hence may introduce a new spin- 
orbit couphng ifmElfilElTll . The interface-induced spm-orbit coupling was usually studied in quantum wells. The 
underlying physics is similar for other nanostructures. 

Let us start by examining the case of GaAs/AlAs quantum wells. Without the interface effect, the quantum wells 
possess a D2d symmetry. It is easy to find that due to the difference of Al and Ga atoms, the symmetry at the 
interface is reduced to C21. ill3|] . For quantum wells which possess a mirror symmetry, the asymmetry induced by 
the two interfaces cancels out 01 1311 . However, in the situation that the materials in the well and barrier do not share a 
common atom, the interface effect at the two interfaces can not be canceled out as they are different interfaces lll26ll . 
For example, in InAs/GaSb quantum wells, the two interfaces are Sb-In-As and In-As-Ga. The symmetry of the 
quantum well is then reduced to C2,. and results in new spin-orbit co uplin g terms for holes and electrons. It induces a 
term ~ {J.xJy + JyJ.x) and independent of k in the hol e Hamiltonian 111 1311 . which mixes the heavy-hole and light-hole 
spins effectively in narrow quantum wells 1 2161 217 ^1 and largely suppresses the hole spin lifetime in th ese structures 
1 216 1. The induced electron spin-orbit coupling is of the linear-Dresselhaus-type ~ (kxcr^ - kyO-y) [EHj. 

The experimental test of the importance of the interface-induced electron spin-orbit coupling was performed by 
comparing the spin dynamics in InGaAs-AlInAs quantum wells (which share one common atom) with that in InGaAs- 
InP quantum wells (which have no common atom) with similar parameters and overall quality ll2I9ll . The observed 



'^The interface inversion asymmetry induced spin-orbit coupling is also reviewed in Ref. Il 13ll . 
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huge difference in spin relaxation times between these two samples indicates that the interface inversion asymmetry 
induced spin-orbit coupling is important in narrow quantum wells without common atom in well and barrier 

It should be pointed out that in [110] grown quantum wells, even in the case without common atom in well and 
barrier, the two interfaces can be symmetric]^ Hence the interface inversion asymmetry does not contribute. By com- 
paring the spin relaxation in InAs/GaSb quantum wells with different growth directions, with the help of theoretical 
calcul ation, it w as found that the interface inversion asymmetry plays an important role in narrow InAs/GaSb quantum 



wells 112211122211 



In genuine nanostructures, as interfaces can not be perfect, the interface inversion asymmetry exists in most 
samples. A quantitative analysis of such effect requires the knowledge of specific interfaces, which is usually very 
difficult to acquire. In general, since it is an interface effect, the interface inversion asymmetry should be important to 
spin-orbit coupling in narrow quantum wells with no common atom in the barrier and well, whereas unimportant in 
other cases. 

2.5. Zeeman interaction with external magnetic field 
The Zeeman interaction for electron is written as 

Hz^^isS g- B, (23) 

where g is the g-tensor and fis is the Bohr magneton. The g-tensor determines the spin precession (both the frequency 
and the direction) in the presence of an external magnetic field. It is hence an important quantity for spin dynamics. 
For typical III-V semiconductors, such as GaAs, the conduction band g-tensor is isotropic ge = gel. In GaAs, at 
conduction band edge, ge - -0.44, whereas for higher energy g factor increases ll223U225ll . An empirical relation 



for the energy e dependence of the g factor in GaAs was found from experiments as ge(s) - -0.44 + 6.3e (s in unit 
of eV) 1225-227]. Experiments indicated that the g factor varies from -0.45 to -0.3 in the temperature range of 
4~ 300K 1228^i32. Recent calculations i232ll indicated that the temperature dependence of ^-factor is mainly due 
to the combined effects of (i) the energy-dependent g factor and (ii) the thermal dilatation of lattice. 

In quantum wells the g factors of the barrier material and well material are usually different or even of opposite 
signs. The g factor can then be tuned by well width. For example, in GaAs/AlAs quantum wells: at large well width 
the electronic property is GaAs-like and ge < 0; at small well width the subband wavefunction is largely penetrated 
into the AlAs barri er and the electronic property is AlAs-like, hence ge > 0. This phenomenon has been observed 



in experiment 1123 311 . Moreover, due to the confinement in quantum well, which reduces the symmetry of the system, 
the electron ;^- factor usually becomes anisotropic: the in-plane g-factor g\\ is different from the out-of-plane one gj_ 
1 TTIE34U236I1 . 



In parabolic GaAs/AlGaAs quantum wells, as the Al concentration is tuned almost continuously with position 
in the growth direction, the g-tensor becomes position dependent geiz). The effective g-tensor is an average over 
position g* - J dzge(z)\if/e(z)\^ where (f/e(z) is the electron subband wavefunction. This fact enables efficient tuning 
of electron g-tensorby modulating the subband wavefunction via, e.g., gate-voltage 11671 178il237ll . A time-dependent 
gate-voltage can induce a modification to the Zeeman interaction dHz = //bS ■ 6g -B (dg is the change of g-tensor due 
to gate-voltage). In proper geometry, the time-dependent gate-voltage induces a spin precession perpendicular to the 
unperturbed spin precession. In such a way, electron spin resonance is achieved with time-dependent gate voltage. 
Such a spin resonance, which is called g-tensor modulation resonance, was first proposed and realized by Kato et al. 



m. 

The hole Zeeman interaction is comphcated. In bulk system there are two terms which contribute to the hole 
Zeeman interaction, 

= 2/fjUBB ■ J 4- IqfisB ■ T. (24) 

Here k is the isotropic valence band g factor, whereas q is the anisotropic one. T - (J^, J^, J^). In GaAs k - 1.2, 
whereas q = 0.01 is much smaller and can always be neglected. It is noted that there is no direct coupling between 
spin-up and -down heavy holes { J- = |, -|) in the Zeeman interaction unless in the much smaller anisotropic term 
[the second term in Eq. (l24l il. 



'The study on the quantum well growth direction dependence of the interface induced spin-orbit coupling is presented in Ref. |22C|| . 
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In (001) quantum wells, the lowest subband is the heavy-hole subband if no strain is applied. According to the 
above analysis, for an in-plane magnetic field, the coupling of spin-up and -down states is rather small. Within the 
subband quantization, Lowdin partition method gives the dominant terms of the Zeeman interaction in the lowest 
heavy-hole subband as 

^HH ^ i (,1 _ _ 2B,y,k,K\ + cr, \2B_,yik,k, + B^n (kl - kfj\] , (25) 

moAj j ^ ^ ^ - ' - J - L - \ . /I) 

where A'j' denotes the splitting between the lowest heavy-hole subband and the lowest light-hole subband. Note that 
the in-plane g factor of the lowest heavy-hole subband is k-dependent and the average of the g factor is zero. The 
in-plane ^-factor of the lowest heavy-hole subband varies significantly with the growth direction of the quantum well 
as pointed out by Winkler et al. 1 113, 238]. 

Zeeman interaction of holes in quantum wires has been investigated only recently. Experi menta lly, Danneau et 
al. found that the ^-factor of holes in quantum wires along [233] direction is largely anisotropic ll239[] . Theoretically. 
Csontos and Ziilicke reported tha t the hole g-factor in quantum wire can vary largely with subband ll240ll and can be 
tuned effec tively by confinement ll24lll . These predictions were partly co nfirmed recently in the experiment by Chen 



et al. 1124211 . Similar results were found in hole quantum dots r 243l 124411 . The large anisotropy and variation of the 



hole ^-factor in these quantum confined systems are not surprising, as (i) the symmetry of these structures is reduced 
and (ii) the hole spin-orbit coupUng is very strong. 

2.6. Spin-orbit coupling in Wurtzite semiconductors and other materials 

In previous discussions, the spin-orbit coupling and ^-factor in bulk and nanostructures of the zinc -blende III-V 
and II- VI compounds are reviewed. Besides these two important kinds of materials, there are several other kinds of 
materials with diff'erent structures which have also attracted much attention of the semiconductor spintronic commu- 
nity. 

One of these materials is the wurtzite structure semiconductors, such as GaN, AIN and ZnO0 In contrast to the 
zinc -blende semiconductors such as GaAs, the existence of hexagonal c-axis in wurtzite semiconductors leads to an 



intrinsic wurtzite structure inversion asymmetry in addition to t he bulk inv ersion asymmetry 112461 124711 . Therefore, 



the elec tron s pin splittings include both the DresseUiaus e ffect 112451 124811 (cubic in k) and Rashba effect (linear in 



k) 111 24 Il25l [249-254]. In a recent work by Fu and Wu 024511 . a Kane-type Hamiltonian was constructed and the 



spin-orbit coupling for electron and hole bands were investigated in the full Brillion zone in bulk ZnO and GaN. 

For the states near the F point (k = 0), by choosing the z axis along the c axis of the crystal, the electron spin-orbit 
coupling in the conduction band reads 1.245.1 



HIq = [Qf (k) + (k)] ■ 0-/2 (26) 

with 

(k) = 2a,{ky, -k,, 0), nf (k) = 2y,(M? - kjXky, -k,, 0). (27) 

Here fif (k) and Jlf (k) are the Rashba-type and Dresselhaus terms, respectively, a^. and are the corresponding 
spin-orbit coupling coefficients. is a coefllcient originating from the anisotropy induced by the lattice structure. It 
was f ound that in ZnO and GaN, b - 3.855 and 3.959 respectively i245ll . The value of and je are listed in Table [1] 



In wurtzite semiconductors, the valence bands consist of three separated bands: Fg,, (heavy-hole, spin ±3/2), F?,, 
(light hole, spin ±1/2) and Fv-,, (split-off hole, spin ±1/2). The spin-orbit couplings in these bands at small k can also 
be written in the general form of ^[n*(k) + Q?(k)] ■ cr, which includes both the linear Rashba-type term ^Qj^(k), and 
the cubic Dresselhaus term ^£lf (k), with / = e, 9, 7, 7' being the band index. For heavy-hole band F9,,, the spin-orbit 
coupling fields are written as ll245ll 

(k) = 0, Q^(k) = 2y,,{ky{kl - 3kl), k,(kl - 3k^X 0). (28) 



'GaN also has zinc-blende structure phase. The spin-orbit coupling in zinc-blende GaN was studied in Ref. l245ll 
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For valence bands r?,, (light-hole) and T^y (split-off hole), the spin-orbit coupling fields are the same as that given in 
Eq. ( l27l i with only t he co efficients Og and y^. being replaced by a, and y, (/ - 7, 7') (the coefficients for F?,, and Fv,, 
bands) respectively 1124511 . The coefficients a, and y,- (/ - e, 9, 7, 7') are listed in Table m 1,245,1 n 



Table 1: Rashba-type (o-,) (in meV-A) and Dresselhaus (y,) (in eV-A') spin-orbit coupling coefficients in wurtzite ZnO and GaN at small momentum 
with/ = e,9,7,7'. From FuandWu |245]. (^ from Ref. |249J; from Ref. t250J) 





a,. 


at) 


a-i 






79 


77 


77' 


ZnO: 


1.1^ 





35^ (21^') 


51^ 


0.33 


0.09 


6.3 


6.1 


GaN: 


9.0'^ 





45b 


32^ 


0.32 


0.07 


15.3 


15.0 



Interestingly, in two-dimensional electron system (quantum wells or heterojunctions) where the growth direction 
is along the c-axis, the linear-k spin-orbit coupling is of the same form for both the Dresselhaus and Rashba-type 
terms due to the crystal field. Additional contribution to the spin-orbit coupling come s from the electric field across 
the two-dimensional electron system, which is just the Rashba spin -orbit coupling 11241 112511 . Therefore, all the 



linear in k terms are of the Rashba-typeHl which makes them indistinguishable in experiments. Indeed, experiments 
revealed that the spin-orbit coupling is dominated by the Rashba-type spin-orbit coupling, where no effect that signals 
spin-orbit couphng of the form of (kxcr ^ - kycr^) was obser ved |.247. 256,-260] . The measured Rashba parameter hes 
in the range of 0.6 to 8x10 eV m for various conditions ll25lM254fl26lU268ll . 

Another kind of material of special interest is the so-called gapless semiconductor, such as HgTe, partly because 
that in HgTe/CdTe quantum wells the quantum spin Hall effect was observed 1269]. HgTe, which is also a zinc -blende 
II- VI semiconductor, has the same symmetry as CdTe and GaAs. However, the Fg band, which consists of heavy 
and light holes in GaAs, is higher than the conduction band Ffe. Moreover, the heavy-hole band is inverted, i.e., the 
effective mass of electron in the heavy-hole band is positive. On the other hand, the conduction band F^, becomes 
hole-like. In HgTe/CdTe quantum wells, the relative position of the F f, and Fg bands can be tuned by well width. 
At the crossing band point a massless Dirac spectrum is realized 127011. The spin-orbit coupling in these bands was 



investigated both theoretically ]271] and experimentally 111471 1272| - |278|1 . where the Rashba spin-orbit coupling was 
found to be very large (^ 4 x 10 " eV-m) in two-dimensional electron system. 

Spin dynamics in silicon has attracted renewed interest recently due to the experimental advancement in silicon 
spintronic devices [149, 150, 279-282J a nd also du e to recent development in spin qubits based on silicon quantum 
dots ll283U28l or donor bound electrons ll286U289ll . Silicon has a diamond structure with space inversion symmetry, 
hence bulk silicon does not have the Dresselhaus spin-orbit coupling. In two-dimensional or other nanostructures, the 
Rashba spin-orbit coupling due to structure inversion asymmetry emerges ]124, 125, 290]. Moreover, the interface 
inversion asymmetry also contributes to new spin-orbit coupling, which can be either the Rashb a-type or the hnear- 

l292"l 



Dresselhaus-type or their combinations depending on the symmetry of the interface 11291 



The effect of the 

electric field on electron spin-orbit coupling in Si/SiGe quantum well was discussed in Ref. |293]. In practice, the 
doping inhomogeneity can induce a random (in-plane position dependent) electric field along the growth direction 
even in nominally symmetrically doped quantum wells. This random electric field can induce a random Rashba 
spin-orbit coupling ]294]. Similarly, the surface roughness can also induces a random spin-orbit coupling 1129 ill . 
Experimentally, the electron spin-orbit coupling i n silicon q uantum wells was determined via the anisotropy of the 
electron spin resonance frequency and line-width ll295l - l297ll . Hole spin-orbit coupling in silicon quantum wells was 
studied in Refs. 1,298> ,299,1 . 



"Using these coefficients, BuB et al. found reasonable agreement between calculated spin relaxation times and ffie experimentally measured 
ones recently |255]. 

'-The symmetry of the cubic term is also ffie same as the linear one. 
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2.7. Hyperfine interaction 

The origin of the hyperfine interaction is that the nuclear spins feel the magnetic field generated by carriers due to 
their spins and orbital angular momentums. For conduction band electron, which has .s-wave symmetry, the magnetic 
field generated by electron orbital motion is negligible. The electron hyperfine interaction is of the form 1, 3^ ,3 00.1 

= Yj ^)S,r,rv<5(r - R,>)S ■ I,-,v. (29) 

Here //q is vacuum permeability, -y,, = IjJs and / is the index of the Wigner-Seitz cell. For III-V and II- VI compounds 
(such as GaAs), there are two atoms (such as Ga and As) in each Wigner-Seitz cell. And the nuclei of certain atoms 
have their isotopes (such as ^^Ga and ^'Ga). The index v labels both the atomic site in the Wigner-Seitz cell and 
the isotopes. Py is the abundance and YjvPv = A^atm with A^atm being the number of atoms within a Wigner-Seitz 
cell. A^atm - 2 for zinc-blende structures, -/y - gv^N with gv and /zjv representing the g factor of the v nucleus and 
the nuclear magneton respectively. R, j, and I, v represent the position and spin of the v nucleus in /-th Wigner-Seitz 
cell. In practical calculation it is assumed that the isotopes are distributed uniformly. Within the envelope function 
approximation, the electron hyperfine interaction is written as 

Hhf = Yj ^vV(,|<A(R/)|'S ■ = h ■ S, (30) 

where Ay - ^yel3yyy\uc(Rv)\'^Ni,) and h = 2, ^ AvV()|(/'(R,)pI,_y. Here vq is the volume of the Wigner-Seitz cell and 
N() - l/v(), Uc is Bloch wave amplitude. A - Yiv^v measures the strength of the hyperfine interaction. In GaAs, 
possible isotopes are ''^Ga, ^'Ga and ^^As, which all have spin / = 3/2. Their natural abundances are fSmQ^ - 0.6, 
yS^'Ga = 0.4 and jGtias = 1- The average strength of the hyperfine interaction is A ^ 90 /ieV. In silicon, the possible 
isotopes are ^^Si and ^^Si with natural abundances ^6285; = 0.9533 and I3i<)^{ - 0.0467. In silicon, the main isotope 
^^Si has no nuclear spin and only the minor isotope ^''Si has spin / = 1/2. Hence the average hyperfine interaction in 
silicon A ~ 0.2 jueV is much smaller than that in GaAs. 

For holes, as the valence band Bloch wavefunction is very small at the nuclei position (which is a property of 
/7-wave symmetry), the contact hyperfine interaction is negligible. However, the long range dipole-dipole interaction 
and the interaction between electron orbital angular momentum and nuclear spin do not vanish for holes^l Within 
the envelope function approximation, Fischer et al. showed that the hyperfine interaction for heavy-holes in quantum 
well is of the Ising form i3()lll 

Htf = J]A':vo\md\'S'Il, (31) 

where S~ is the z-component of the heavy-hole spin and Ay is the hole hyperfine coupling constant. Fischer et al. 
estimated that the hole hyperfine coupling constant A'j is about -10 jueV in GaAs 1130 Ifl . about one order of magnitude 
smaller than the electron one. 

Besides inducing spin relaxation, the hyperfine interaction can also transfer the no nequ iUbrium carrier spin po- 
larization to nuclear spin system, which is called the dynamic nuclear polarization ||3, 302 - 3lOi1 . Via the hyperfine 



interaction, periodic optical pumping of electron spin polarization acts as a periodic magnetic field on nuclear spin 
and induces a nuclear spin resonance 131 ill . As nuclear spin relaxes m uch slower than electron spin, nuclear spin was 



proposed as long-lived "quantum memory " for spin qubits 0121 131311 . Such proposal was realized in experiment in 
^^P donors in isotopically pure ^^Si crystal 131411 . 



2.8. Exchange interaction with magnetic impurities 

The exchange interaction between carrier and magnetic impurities, such as Mn, is very important in diluted mag- 
netic semiconductors i315ll . as it is the physical origin of various magnetic orders in these materials. For example, the 
d orbital electrons of Mn impurities mix with s (conduction band) or p (valence band) electrons in the semiconductor 



'In contrast, these interactions are zero for (conduction band) electrons due to i-wave symmetry. 
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matrix, which leads to the exchange interactions between carriers and Mn impurities 1 315 , 316ll . These interactions, 
known as the s-d and p-d exchange interactions, can be written as 



sd 



■ ^ Jsd' 



S • Sf6(r - R,), -fi^pd = - X -/pdJ ■ S^''^(r - R,). 



(32) 



Here S^'^ is the ith Mn spin at R,. S and J represent the electron and hole spins respectively. 7sd and 7pd stand for 
the s-d and p-d exchange constants respectively. The exchange constants, which are basic parameters of magnetic 
semiconductors, have been extensively studied both theore tical ly and experimentally [for review in (lll,Mn)V, see 
Ref. iiMtl and references therein; for (ll,Mn)Vl, see Ref. jl ISll l. To illustrat e the strength of t he s(p )-d exchange 
interaction, we give two examples: in G aMnAs, NqJ^a ~ -0.1 eV ll233[ 131711 . M)-/pd 
NoJsd ~ 0.22 eV, M)-/pd ~ -0.88 eV lll5.| where A^o = l/^o with vq being the volume of the unit cell. 



1 eV iniJl; in CdMnTe, 



2.9. Exchange interaction between carriers 

The exchange interaction between carriers originates from the combination of the carrier-carrier Coulomb interac- 
tion and the permutative antisymmetry of the wavefunction of the fermionic carrier system. The exchange interaction 
usually increases with the overlap between the wavefunction of the carriers. Therefore, it is usually strong in local- 
ized carrier system, such as carriers in quantum dots or those bound to ionized impurities. Experiments h ave shown 
that the exchange interaction between electrons in quantum dots can be tuned via the magnetic fielc0 ll319[ l320ll 
or by the gate voltage |38, 8^ 319 1. varying from several meV to very small. The exchange interaction between 



electron s bound to adjacent donors is believed to be responsible for the spin relaxation of the donor bound electrons 
139, 40[ 321-324, 324, 325 1. The underlying physics is that due to the spin-orbit coupling, the exchange interaction 
becomes anisotropic which does not conserve the total spin of the electron system any more and hence leads to spin 
relaxation. 

Besides, the exchange interaction between extended carriers also shows up in spin dynamics. For example, the 
exchange interaction between electrons and hole^ leads to electron spin relaxation, which is called the Bir-Aronov- 
Pikus mechanism. Specifically, this exc hang e interaction consists of two parts: the short-range part and the long-range 
part. The short-range part is written as 111 1811 



1 1 A£sR 



V2|03d(O)F 



■J ■ S(Jk,K': 



(33) 



where A/isR is the exchange splitting of the exciton ground state and |03d(O)P = l/ina^.^) with ao being the exciton 
Bohr radius. K = + k/, is the sum of the electron k^ and hole k/, wave-vectors of the interacting electron-hole pair. 
V is the volume of the sample. The long-range part reads 1,1 18yl 



A^LT - - 1 ' ' 1 ' ' 

(M,5^ + -M_5+ + -M+5_), 



(34) 



where AEu is the longitudinal-transverse splitting; M~, M_ and M+{- Ml) are operators in hole spin space. S ± - 
S, + iS 
spin J, 



y are the electron spin ladder operators. The expressions for and M_ are given below (in the order of hole 
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(35) 



''^This was first predicted by Burkard et al. |318]. 
''The electron-hole exchange interaction is in fact from the conduction- valence band mixing [Iff 
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(36) 



Here = K, + iKy and K^^ = + K^. The short -range and long-range parts of the electron-hole exchange interaction 
can be written in a compact form (/ - z, +, -), 



i/ex = ^6k,k'(Jz(^)Sz + ^X(K)5+ + ^jf+(K)5_) with J-,(K) = —47^ 
V 2 2 l03D(O)r 



o z 



(37) 



In semiconductor nanostructures, e.g., in quantum wells, the above ele ctron -hole exchange interaction should be 
written in the subband bases. Such expressions have been derived in Ref. Ill 1811 . Be sides , it is shown that the quantum 
confinement can enhance the electron-hole exchange interaction in quantum wells ill 19ll . 

Unlike the electron-hole exchange interaction, the exchange interaction between free electrons has almost been 
ignored by the community until several years ago. It was first pointed out by Weng and Wu that the exchange 
interaction between free electrons (the Coulomb Hartree-Fock term), which acts as an effective magnetic field along 
the spin polarization direction, plays important role in spin dynamics |44]. For e xamp le, if the spin polarization is 
along the z axis, the effective magnetic field from the Hartree-Fock term reads 1 44 , 1 lOll . 



fiHF(k) = ^ Vq (/k-qT - /k-q^) /^c//B, 



(38) 



where /k-qt and /k qj, are the distributions on the spin-up and spin-down bands respectively, is electron ^-factor 
and Vq - e^/[eo'<'()?^e(q)] in bulk with e(q) being the dielectric function. At large spin polarization, Bhf can be as 



large as a few tens of Tesla for an electron density of 4 x 10 cm at 120 K in GaAs quantum well Il44tl . Recently, the 



effect of the exchan ge intera ction between electrons was observed in experiments in high mobility two-dimensional 
electron syste m ll4lll42ll3261 . The Hartree-Fock effective magnetic field has also been observed in other experiments 
recently l327ll . Detailed review on the Hartree-Fock effective magnetic field on spin dynamics is given in Sec. 5.4.3. 



3. Spin relaxation and spin dephasing in semiconductors 

After briefly introducing various spin interactions, we now move to one of the central issues in this review: spin 
relaxation and dephasing, i.e., the dissipative part of the spin dynamics. As stated before, any fluctuation or inho- 
mogeneity in spin interactions can lead to spin relaxation and spin dephasing. From the spin interactions, one can 
identify the possible spin relaxation/dephasing mechanisms. In what follows, we first introduce the concepts of spin 
relaxation and dephasing in time domain as well as in spacial domain. We then introduce the relevant spin relaxation 
mechanisms in semiconductors and their nanostructures. 

3.1. Spin relaxation and spin dephasing 

Simply speaking, spin relaxation is related to the nonequilibrium population decay of the spin-resolved energy 
eigenstates, whereas spin dephasing is related to the destruction of phase coherence of these eigenstates. For single 
spin system with isotropic ^-factor, spin relaxation is related to the decay of spin polarization parallel to the external 
magnetic field, whereas spin dephasing is related to the decay of spin polarization transverse to the magnetic field. 
Spin relaxation time (denoted as T\) and spin dephasing time {T2) are quantities to characterize the time scale of spin 
relaxation and spin dephasingOl Microscopically, spin relaxation and spin dephasing are usually related to different 
processes. Although spin relaxation also inevitably l eads to spin dephasing, there are processes which only contribute 
to spin dephasing, called pure dephasing processes i328ll . Spin relaxation and spin dephasing in single spin system 
are caused by the unavoidable coupling with the fluctuating environment, such as the phonon system, nuclear spin 
system and other electrons nearby. These processes are always irreversible. 



'Spin decay does not have to be exponential. However, in most cases, a characteristic decay time can be identified. 
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Often there are many electron spins forming a spin ensemble. For an ensemble of spins, spin polarization can decay 
without coupling to any environment: when spin precession frequencies or directions vary from part to part within 
the ensemble, the total spin polarizatio n gets a fre e-induction-decay due to destructive interference. This variation is 



called the inhomogeneous broadening 1 329l 330ll . For a finite ensemble with independent spins, the decay of total 
spin polarization can be reversible: after some time, spins in all parts of the ensemble rotate to the same directionFl 
However, quite often, the ensemble is very large, e.g., there are ~ 10'* cm""* electrons in n-doped GaAs. In this regime, 
the spin decay due to inhomogeneous broadening can not be reversed automatically. However, the inhomogeneous 
broadening induced spin decay can still be removed by the technique of spin echo. Standard spin echo is achieved 
by a TT-pulse magnetic field which is perpendicular to the inhomogeneous broadened (effective) magnetic field, to 
invert the sign of the phase gained through spin precession so that the gained phase can be gradually canceled out 
in the subsequent evolution. The ensemble spin relaxation and spin dephasing times including the inhomogeneous 
broadening are usually denoted as T* and respectively, whereas the irreversible (echoed) spin relaxation and spin 
dephasing times are denoted as Ti and T2 respectively. In the following, when we need not to discriminate the two, we 
simply denote the spin relaxation time and dephasing time as Tj and called it spin lifetime. There are a lot of factors 
which contribute to in homogene ous broadening, such as, the k-dependent spin-orbit coupling t332il or the energy(or 



k)-dependent g-facto r II333L 133411 . In quantum dots, due to the spin-orbit coupling, electron or hole ^-factor is size and 
geometry dependent [335]. The variations of the size and geometry of quantum dots in a quantum dot ensemble also 
lead to the inhomogeneous broadening 1,33 1.1 . Finally, the time and/or space variations of the nuclear hyperfine field 
also lead to the inhomogeneous broadening. 

Spin diffusion and transport also suffers spin relaxation. In the absence of the inhomogeneous broadening, spin 
diffusion length is related to spin lifetime as Ls - -\/DsTs, where Ds is the spin diffusion constant. Howe ver, i n 



semiconductors it has been shown that the inhomogeneous broadening usually dominates spin diffusion 11251 128ll336l1 . 
which breaks down the above relation (3^,^3?]. The inhomogeneous broadening in spin diffusion and transport is 
different from that in spin relaxation in time domain: electron at different k state has different velocity and/or spin 
precession frequency Q(k) (e.g., due to the spin-orbit c oupling), making the spin propagation frequency along the 
spin diffusion direction (n) k-dependent ~ Q(k)/(k ■ n) 11251 |28L 133711 . This inhomogeneous broadening can 

not be remov ed by traditional spin-echo. However, it can be tuned via controlling spin-orbit coupling [18, 29. i32l 



34il337ll338ll . For example, when both the Rashba and Dresselhaus s pin- orbi t coupling s exist, by tuning the two to 
be comparable, spin diffusion length can be largely increased (18, 2^ 32, 34, 337 4340*1. Such enhancement of spin 



diffusion length has been achieved in a recent experiment, where the control over both the doping asymmetry and 
well width was shown to be effective to manipulate the relative strength of the Rashba and Dresselhaus spin-orbit 
couplings and hence the spin diffusion length [37]. Studies on spin diffusion in the literature are reviewed in Section 6 
and 7. Below we concentrate on spin relaxation and spin dephasing in time domain, where the basic physics and the 
mechanisms responsible for spin relaxation and spin dephasing are reviewed. 

3.1.1. Single spin relaxation and spin dephasing due to fluctuating magnetic fleld 

As stated above, fluctuations in spin interaction due to the coupling with the environment are the origin of spin 
relaxation and spin dephasing in single spin system. In this subsection, we discuss generally the spin relaxation and 
spin dephasing in single spin system, where the fluctuations in spin interaction are simply characterized as fluctuating 
magnetic fields. These fluctuating magnetic fields are assumed to have a correlation tim e Tg which is much shorter 
than the spin relaxation/dephasing time, so that the Markovian approximation is justified We also assume that 

the fluctuations are weak so that they c an be treated within the Born approximation. The spin dynamics is then solved 
by the standard Born-Markov method 1 341 j 3 



The Hamiltonian is simply given by 

H = ^[(jjon, + (o(t)] ■ a-, (39) 

where is a unit vector along z direction, cjq and a>{t) are spin precession frequencies due to the static and fluctuating 
magnetic fields respectively. The correlation of the fluctuating magnetic fields is assumed to be (for /, j = x, y, z) 



This phenomenon was recently observed in experiments in spin dephasing in an ensemble of self-assemble quantum dots 133 ll 
It is noted that discussions in this subsection are similar to those in Ref. |22] in Sec. IV B2. 
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(jDi(t)io j{t') - dijcjje ' '^'"s with the overline denoting the ensemble average. The requirement of the shortness of 

the correlation time Tc and the weakness of the fluctuating magnetic fields is equivalent to -^2; ay: <K 1 . Spin 
relaxation time and spin dephasing time are obtained by solving the Born-Markov equation of motion. After standard 
derivation one obtains that 12211 . 



1 



1 _ (ojI + ajl)Tc 



1 



T2 



2(1+0.2^2) 



(40) 



From these results, one may find several features of spin relaxation/dephasing. First, a trivial result, only the noise 
magnetic fields perpendicular to the spin polarization lead to spin decay as only these fields can rotate spin. Second, 
in the absence of static magnetic field, spin relaxation/dephasing rate is proportional to the noise correlation time 
Tc- That is to say that the more fluctuating the noise (the shorter correlation time) is, the more ineffective it is. 
This counter-intuitive result is known as motional narrowing i329ll . Third, a static magnetic field suppresses spin 
relaxation/dephasing caused by the fluctuating magnetic field perpendicular to it. The underlying physics is better 
understood in the fashion of what was presented in the review article by Fabian et al. Il22ll : In the presence of 
magnetic field, the spin-flip scattering terms acquire a dynamic phase. However, the scattering terms which conserve 
the spin along the magnetic field do not acquire such dynamic phase. The spin-flip term is then proportional to 



f 

Jo 



dt' CL)i(0)a)i(t') exp(-iciJot') + H.c. oc co 



+ 1 



(41) 



Therefore the eff^ect of fluctuating magnetic field perpendicular to the static magnetic field is suppressed. 

In the following, we illustrate several limits which are frequently encountered in spin relaxation in semiconductors. 
Eq. (l40t can be written as 

i/r2 = i/r^ + i/(2ri), (42) 

where IjTL - w^r^. Therefore, in general case, T2 < 2T\. In the isotropic noise case, - 6L >j - 0)1, at very low 



static magnetic field wo^c ^ 1, spin relaxation time is equal to spin dephasing time, T\ - T2 1134211 . At very large 
static magnetic field, spin relaxation vanishes l/Ti — > 0, whereas the spin dephasing rate is finite, I/T2 - 1 /Tj. This 
is a pure dephasing case. The noise can be anisotropic. For example, when there are only transverse noises, cjx + 0, 
(jjy + and d); = 0, r2 = 2riOB Another example, there are only longitudinal noises, oj^ = iWy = and + 0. In this 
case, there is no spin relaxation l/Ti = but spin dephasing rate is still finite, i.e., l/r2 = ojItc- This is another pure 
dephasing case. If -i- ^ \hs,n T2 <^ Ti. 



3.1.2. Ensemble spin relaxation and spin dephasing: a simple model 

To illustrate the role of the inhomogeneous broadening in the ensemble spin relaxation and spin dephasing, here 
we introduce a simple model which actually has been well studied in the context of semiconductor optics. Denote the 

T I 

conduction band as "spin up", the valence band as "spin down" and their distributions as /|^ and The interband 
coherence, like spin coherence, is a complex variable pt - pcv.(k)e""' is the laser light frequency). Hence the 
model sy stem is eq uivalent to a spin ensemble. The optical relaxation and dephasing is described by the Bloch 



equation 113451134611 





r 1 












<9,Sk = X Sk - 





1 





(Sk - S°). 


(43) 







6 


1 

T, J 







In semiconductor optics, Wk - (-dcv£>, 0, (Jk) where d^y is the interband optical dipole, £ is the laser electric field and 



^c,k ^v,k 



k /IniR + Eg - o) is the detuning with the frequency of light. For simplicity, take o) 



Eg and 



An example is the spin relaxation in GaAs quantum dots due to the spin-orbit coupling and phonon scattering as demonstrated by Golovach et 
al. I343II . This conclusion was later gener alized to spin relaxation due to arbitrary phonon scattering at low temperature when only the lowest two 
Zeeman levels are relevant by Jiang et al. l344ll . 
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hence 6^ - ^^/(2m«). niR is the reduced effective mass of electron-hole pair. Sk - (Repk, -Impk, [/J ~ /kl/2) and 
the equilibrium polarization is S[J - (0,0,-1/2). T[ and T2 represent the irreversible decay due to fluctuations. In the 
absence of laser field £ = 0, the solution of the equation gives the transverse polarization as 







. Kit) 





cos((5kO 
sin(5k0 



- sin(5k0 
cos(5k0 



5^(0) 
SiiO) 



.-'IT2 



(44) 



As the oscillation frequency ^k varies with k, the total transverse polarizations 5 v(f) = Zk '^tXO and S y{t) - 2k '^k(^) 



get an additional decay due to inhomogeneous broadening besides e 
simplified initial condition: S 'liQ) - 0, •Sj^(O) = -1 for k < k„ and •Sj^(O) = 

kl 1 -cos(SkJ) 



. In two-dimensional system, assuming a 
for k > k„,, one obtains 



5,(f) = e-'/''^2sin(^kf) = e- 



-1/T2 [ 



47T 



(45) 



The inhomogeneous broadening induces a power law decay with a characteristic time T'^ 
dephasing rate is 

1/r* = 1/72 + i/r^'. 

The inhomogeneous broadening induced dephasing IjT'^ can be removed by photon echo. Exerting a 7r-pulse along 
the y-axis at time T, the transverse polarization after the pulse is 



Iniulk^. Now the optical 
(46) 



SliT) 




_ SiiT) 





co^{6\iT) sin(5k7') 
- sin(5kr) co5{5\sT) 

The transverse polarization at time f = 27 is given by 



SUIT) 



sin(5k7') 



- sin((5kr) 
cos(5k7') 



SUJ) 



-T/T2 



-T/T2 



SiiO) 



-2T/T2 



(47) 



(48) 



Now the inhomogeneous broadening induced dephasing is removed and only the irreversible dephasing I/T2 remains. 
Theoretically, the decay rate of the incoherently summed opti cal co herence P{t) - 2k IPk(OI - Sk l'^k(0 + iS-'^it)], can 
be used to obtain the irreversible optical dephasing rate I/T2 04711 . as the phase of pk(0 is removed. 

Similar to the case of optical dephasing, the inhomogeneous broadening of the spin precession induces spin de- 
phasing in spin ensemble 1.3341 . This inhomogeneous broadening can be removed by spin echo [348J. As pointed out 
by Wu and co- workers, the irrevers ible spin dephasing can be obtained from the decay of the incoherently summed 
spm coherence fsH H , similar to that in optical dephasing. 

In system with isotropic ^-tensor, the spin polarization parallel to the magnetic field does not precess. However, 
in general, the g-tensor can be anisotropic and spin polarization parallel to the magnetic field can also precess. In this 
case, spin polarization along the magnetic field may also sufi'er the inhomogeneous broadening induced decay. We 
then have both T* and in such situation]^ An example of such ensemble is the spins in self-assembled quantum 
dots ll352U35l . 



3.2. Spin relaxation mechanisms 

In this subsection, we introduce spin relaxation mechanisms in semiconductors. Generally speaking, any fluc- 
tuation or inhomogeneity of spin interaction can induce spin relaxation and dephasing. However, there are several 
mechanisms which are more efficient than others. For the materials widely used in spintronics, such as 111-V and 
II- VI semic onductors, there are only a few relevant spin re laxat i on/d ephasing mechanisms, such as the El liott- Yafe t 



10211 . the Bir-Aronov-Pikus mechanism fl05UlO 



mechanism H1031 110411 . the D'yakonov-Perel' mechanism f 101 
and the ^-tensor inhomogeneity mechanism |333, 334]. These mechanisms dominate spin relaxation and d ephasin 
in metallic regime. In the insulating regime, other mechanisms such as the anisotropic exchange interaction 
and the hyperfine interaction [3] prevail. In semiconductor quantum dots, spin relaxation/dephasing is dominated by 
the electron-phonon scattering and the hyperfine interaction as well as their combinations. In magnetically doped 
semiconductors, the exchange interaction with magnetic impurities can also play an important role in spin relaxation 
and dephasing. Below we give a brief introduction to these mechanisms. 



A simple example demonstrating the same physics is presented in Ref. 135111 . 
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3.2.1. Elliott-Yafet mechanism 

The Elliott-Yafet mechanism was first proposed by Elliott and Yafet during their study on spin re- 

laxation in silicon and alkali metals. It was pointed out by Elliott that due to the sp in-orbit interaction the electronic 



eigenstates (Bloch states) mix spin-up and spin-down states. For example ll2lLll04ll . 

'PkntW = [flk„(r)| T> + ^k„(r)| i>]e*''■^ (49) 
"PkniW = Kk„(r)li)-/7!^,(r)|T>]e"'■^ (50) 

where akn(r) and b\tn{r) posse ss th e lattice periodicity. These two Bloch states are connected by time reversal and 



space inversion operators f 2lUl04ll . Usually the spin mixing is very small, i.e., \b\ <s: 1 and \a\ » 1. When the spin 



orbit interaction is much smaller than the band splitting, an estimation of \b\ from perturbation theory gives 



\b\ ~ maxlLso/Afi}, where Lso is the spin-orbit interactions with other bands and AE is the band distances. In the 
presence of such spin mixing, any spin-independent scattering can cause spin flip and hence spin relaxation. It should 
be emphasized that without scattering the spin-mixing alone can not lead to any spin relaxation. Besides, there is 
another process leading to spin relaxation: the phonon modulation of the spin-orbit interaction. As the spin-orbit 
interaction is induced by the periodic lattice ions, the lattice vibration can then directly couple to spin and lead to 
spin-flip. Such kind of process wa s firs t considered by Overhauser within jullium model for metal |356] and then by 



Yafet with specific band structure 1110311 . This process is called the Yafet process, whereas the previous one due to the 
spin mixing is called the Elliott process. 

Elliott observed a relation, the "Elliott relation", between spin lifetime and the deviation of the electron g-factor 
from that of the free electron - 2.0023 il04ll : 1/Ts ~ (Ag)^/Tp where Ag - g - go and Tp is the average momentum 
scattering time. The relation is based on the observation that Ag ~ \b\ by perturbation theory. The Elliott relation 
was v erified experimentally by Monod and Beuneu, who observed an empirical factor of 10, i.e., 1 /t., ^ 10(A^)-/Tp 
ll357ll . Of course these relations are rough, the spec ific r atio of Tj/Tp depends on specific scattering and band structure. 



Systematic theoretical study was given by Yafet fl03'l, where the microscopic band structure and electron-phonon 
scattering were considered to obtain the spin lifetime. Yafet gave a relation between the spin lifetime t, and the 
resistivity p: I/t, ~ {b^}p |103]. The Yafet relation was tested experimentally b y Mo nod and Beuneu |358]. It was 



found that in many materials the Yafet relation agrees well with experiments [21l l358ll . However, it is not consistent 



with the experimental results in MgBa wh ere th e spin relaxation rate is not proportional to the resistivity above 150 K. 



The problem was solved by Simon et al. 035511 recently via generalizing the Elliott-Yafet theory to the regime where 
the scattering-induced spectral broadening of the quasi-particle I/t^ is comparable with the band gap. This condition 
is satisfied in MgBa because one of the band across the Fermi surface is very close to the nearest band (^ 0.2 eV) and 
the electron-phonon interaction is strong. In this regime, the spin lifetime is given by, 

where Awgif is the average band gap and Lgfr is the interband spin-orbit interaction. In the weak scattering or large 
band-gap regime, AweftTp s> 1, the above equation returns to the Yafet relation, l/r, - (L^fflAco^sf'lTp. Spin 
relaxation d ue to the Elliott-Yafet mechanism in polyvalent metals (such as aluminum) was studied by Fabian and 
Das Sarma 1 359l 360ll . Through realistic calculation, they found that the electron spin relaxation is significantly 



enhanced at the Brillouin zone boundaries, special symmetry points and lines of accidental degeneracy. The total spin 
relaxation rate is then determined by the spin relaxation rates at these "spin-hot-spots" 1359,^60]. 

In III-V or II- VI semiconductors zinc-blende structure, for realistic calculation of the ElUott- Yafet spin relax- 
ation, one should start from the Kane Hamiltonian. By Lowdin partitioning (block-diagonalization), the conduction 
band wavefunction is transformed to 'i't (k) - U^„(yi.) where U is the unitary matrix for Lowdin partitioning. This 
transformation mixes spin-up and -down states a little, which enables spin flip by spin-independent fluctuation. After 
the transformation U, the conduction band matrix element of a spin-independent fluctuation of the lattice potential 
(including the electron-electron interaction) Vck.ck' = (ck|y|ck'), changes into Kk.ek' = (ck|f/' yf/|ck'), which may 
contain spin-flip part. The spin-flip interaction consists of long-range and short-range parts. The long-range part 
comes from the first order perturbation of the wavefunction (both in U and U~^) and the intraband spin-independent 
fluctuation. The short-range part comes from the combination of U (or f/ ' ) and the interband electron-phonon interac- 
tions. For example, for U - e^"^, the lowest order long-range part is given by (ck||(5|^5^y H-25|^y5k' + V-Sk'^kOkk'), 
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whereas the lowest order short-range part is given by (cklS'^V + V^k'kk'). The long-range interaction is the Elliott 
process, whereas the short-range interaction is the Yafet process. 



After the transformation, the leading term of the long-range part is given by 111 17 1 



VcKck' = VcKck'll - i^(k X k') ■ cr], (52) 

where Ac = rjil - ri/2)/[3meEg{l - 77/3)] with rj = Aso/(Aso + Eg). The spin lifetime due to long-range part of the 
Elliott- Yafet mechanism is 

where the numerical factor A ~ 1 depending on the specific scattering. The short-range interaction due to the interband 
electron-optical-phonon interaction is given by 



OP _ Ud2[Vx{k + k')]-(r 

3 2m,£j(l -77/3)] 1/2 ■ ^ ' 



Here U is the relative displacement of the two atoms in a unit cell which can be expressed as combinations of phonon 



creation and annihilation operators 111 1711 . Assuming that the longitudinal and transversal optical phonons have the 



same frequency wlo - (^o, the spin relaxation due to the short-range interaction reads jl 17ll 

-^''EgEol-rj/3^" ■ ^^^^ 



Here £0 - I {Adim,,) with C - ewLo yj4-nD(Kj - ' ) '^^e volume density, kq and aToo are the static and high 
frequency dielectric constants) and Asi ~ 1 . The short-range interaction d ue to the interband electron-acoustic -phonon 
interaction can be derived similarly. The explicit form is given in Ref. flT?]. Usually the long-range interaction is 
more important than the short-range one in 111-V semiconductors |21, 1 17J- 

The Elliott- Yafet spin relaxation in in bulk InSb at low temperature was first studied by Chazalviel |36l'l, where 
only the electron-impurity scattering is considered. Very recently, Jiang and Wu studied the Elliott- Yafet spin re- 
laxation in bulk 111-V semiconductors with all relevant scatterings (i.e., electron-impurity, electron -phon on, electron- 
electron Coulomb and electron-hole Coulomb scatterings) included in a fully microscopic fashion 11 lOll . The Elliott- 
Yafet spin relaxation in bulk silicon was studied systematically by Cheng et al. ['362'], where the Elliott and the Yafet 
processes interfere destructively and the spin relaxation is largely suppressed |362]. 

Similarly, both the admixture of diff'erent spin states due to the Lowdin partitioning and the phonon modulation of 
spin-orbit interaction lead to the Elliott- Yafet spin relaxation for holes and split-off holes. 

3.2.2. D'yakonov-PereV mechanism 

In 111-V and 11- VI semiconductors, due to the bulk inversion asymmetry in lattice structure, spin-orbit coupling 
emerges in conduction band. In semiconductor nanostructures, the structure and interface inversion asymmetry further 
contributes additional spin-orbit coupling. Spin-orbit coupling is equivalent to a k-dependent eff'ective magnetic field 
//so = 5fi(k) ■ (T, where n(k) is the spin precession frequency. In the presence of momentum scattering, electron 
changes its momentum k randomly, hence spin precesses randomly between adjacent scattering events. This random- 
walk-like evolutio n of spin p hase leads to spin relaxation. This spin relaxation mechanism is called the D'yakonov- 



PereF mechanism ||101L|102|1 . There are two regimes for the D'yakonov-Perel' spin relaxation: (i) strong scattering 
regime where {Q)Tp «: 1 ({...) stands for the average over the electron ensemble), and (ii) weak scattering regime 
where {Q.}Tp > 1. Here Tp is the momentum scattering time. The spin lifetime in regime (i) can be estimated 
as 1/ts = (fi')Tp according to the random walk theory. This spin relaxation has the salient feature of motional 
narrowing, i.e., stronger momentum scattering leads to longer spin lifetime. In regime (ii) the momentum scattering 
no longer impedes spin relaxation. In contrast, via the spin-orbit coupling, momentum scattering provides a spi n 



relaxation channel 1334, l363ll . In this regime, stronger momentum scattering leads to shorter spin lifetime |363n . 
Analytic results with only the electron-impurity scattering give that the irreversible spin lifetime is = iTp 03631 - 



3651]. As (il)Tp > 1, the spin precession due to the spin-orbit coupling is not inhibited by the scattering. As a 
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consequence, the ensemble spin polarization oscillates at zero magnetic field 113631 136411 . Besides, such prominent 



spin precession leads to the free induction decay. The ensemble spin lifetime is then limited by both the irreversible 



decay and the free induction decay ^ v { Q^) 12 1LI363L 136511 . Both regime (i) and regime (ii) have been realized 



experimentally in GaAs quantum wells i366ll367ll . Especially, the crossover from regime (ii) to regime (i) has been 
observed by Brand et al. 136811 . 

The characteristic of the D'yakonov-PereF spin relaxation is that during adjacent momentum scatterings spins 
precess coherently. Hence a spin-echo at a time scale comparable to or smaller than the momentum scattering time Tp 
can e fficiently suppress the D'yakonov-PereF spin relaxation. Such a proposal was given in a recent work by Pershin 

In most cases the system is in the strong scattering regime. In this regime, some analytical results about spin 
lifetime can be obtained for isotropic band, if one assumes that (1) the carrier-carrier scattering can be neg lectedE] 
(2) the system is near equilibriuno and (3) the electron-phonon scattering can be treated in the elastic scattering ap- 
proximation. Within these assumptions and approximations, for three-dimensional case, following Pikus and Titkov, 
the evolution of spin polarization along z direction is II ITll 

drS, = -f,[5,<n',Q', + Q',Q',,) - SA^'M) - Sy{Q!yQ.% (56) 

where (...) represents the average over the direction of k. The equations for the evolution of 5 i and 5, can be obtained 
by index permutation. The momentum scattering time f; is given by 



H^(6')[l -P,(cos6i)]£/cos6'. (57) 



The integer I is determined by the angular dependence of the spin-orbit field. The above results assume that the spin 

I 

2 



orbit coupling Hamiltonian satisfies i/so = ■ c = Zm CimYl^(6k, (pk), where Ok and (pk are the angular coordinates 



of k in spherical coordinates, Yj^ stands for the spherical hamonics and the coefficients C;,„ are 2x2 matrices. Here the 
summation is taken over m, whereas / is fixed. For example, / = 1 for linear spin-orbit coupling due to strain and I - 3 
for DresseUiaus cubic spin-orbit coupling. If there are both Unear and cubic spin-orbit couplings, the summation over 
I should also be added into the above equations. According to Eq. ( l56l l. with the summation over I, the spin relaxation 
tensor is given by [3, filial 

(^^'h = Z -[<l"'l'>^'7 - <^^!^>]. (58) 
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1 r>ljl0v 



where yi - fp/fi and fp - fj . For two -dimensional case, expanding the spin-orbit coupling as Hso = 2/ ^fi e ■ cr, 
one obtains a similar result O69[[370ll 



= Z - ^nj'i (59) 
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withf-i = j^''w(6')(l - cos W)d6. To give an example, consider electron spin relaxation due to the D'yakonov-PereF 
mechanism in bulk III-V semiconductors. In the absence of strain, the electron spin-orbit coupling comes solely from 
the DresseUiaus term, 

n(k) = 2yo[k,(k^ - kl), ky(kl - kl), k,{kl - kl)l (60) 
In this case spin relaxation is isotropic 

{T-%^5ij''-^^{2yDfk''. (61) 
73 105 

Here 73 depends on relevant scattering: for ionized-impurity scattering 73 ^ 6; for acoustic-phonon scattering 73 - 1; 
for optical-phonon scattering 73 ^ 41 /6. After the average over electron distribution, the spin relaxation rate is given 



by (211, 



t;1 - Q'T,y{sl)IEg. (62) 



It was first pointed out by Wu and Ning | 334] that although normal (not umklapp) carrier-carrier scattering does not contribute to the mobility, 
it contributes to the D'yakonov-Perel' spin relaxation as it randomizes the momentum. 

^^That is, electron distribution is close to the equilibrium distribution and the spin polarization is very small. 
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a — IjD -^j^mlEg is a dimensionless parameter. t„, = (Tp(ek)ek)/(ek)@ Q' ~ 0.1 is a numerical constant depending 
on the relevant momentum scattering Kill Q' - 5^73 '(^ + + where the power law fp 
each kind of momentum scattering. For nondegenerate electron system, one obtains (Q = ^Q') 



is assumed for 



t;1 - QT„,a\k^TflE., 



(63) 



where Q ~ I depen ding on relevant scattering: 1.5 for ionized impurity scattering, Q — 3 for longitudinal optical 
phonon scattering 137111 . Q ^ 0.8 for piezoelectric acoustic phonon scattering, and Q ^ 2.7 for acoustic phonon 
scattering due to deformation potential 131 12111 . 

Finally, it should be noted that caution must be taken on the assumptions and approximations used in the above 
results. For example, in intrinsic bulk GaAs at temperature below 100 K, the electron-electron and electron-hole 
scatterings dominate the momentum scattering. The assumption that the carrier-carrier scattering can be neglected 
does not hold. Therefore, the above results fail [llO]. It has been shown that the electron-electron scattering is 
important for spin relaxation in high mobility two-dimensional system where the above results also fail 

The influence of the magnetic field on the D'yakonov-Perel' spin relaxation comes from two factors: the Zee- 
man interaction and the orbital effect^ The Zeeman interaction leads to the Larmor spin precession and induces a 
slowdown of the relaxation for spin component parallel to the Larmor spin precession direction 111 1711 . 



T,(B)-T,(0)[l+(WLTcr], 



(64) 



where is the Larmor frequency. Tc — 7j 'p is the correlation time of the random spin precession due to spin-orbit 
coupling. This result is similar to Eq. ( l40b . The Larmor spin precession also mixes the relaxation rates of the spin 
components perpendicular to the Larmor spin precession direction. This may lead to considerable effe ct on the spin 
relaxation in semiconductor nanostructures where the spin relaxation tensor is usually anisotropic 1.199.i377ll388ll . In 
non-quantizing magnetic field, the orbital effect induces the cyclotron motion where the electron velocity (hence its 
k) rotates under the Lorentz force. As the spin-orbit effective magnetic field n(k) is k dependent, the rotation in k 
leads to the rotation in the spin-orbit field. T his leads t o the reduction of the D'yakonov-Perel' spin relaxation which 
is related to the rotating component of Q(k) 1 1 17 , 376ll 



TAB) - r,(0)[l + (oj,T,f], 



(65) 



where a>c = eB/nie is the cyclotron frequency. Note that the ratio of the Larmor frequency and the cyclotron frequency 
is wl/wc = \ge\me/{2mQ). In semiconductors, as rrig is usually smaller than mo and often \gg\ < 2, the ratio is a lway s 
much smaller than 1 (in GaAs, it is ^ 0.015). Hence the cyclotron effect is stronger than the Zeeman interaction 111 1711 . 
The reduction of spin relaxation rate is saturated at high magnetic field, where Landau level quantization dominates. 
At such high magnetic field, electron spin relaxes similar to that in localized states or that in quantum dot 03 82143 87 1. 

The hole D'yakonov-Perel' spin relaxation is different from the electron one mainly in two aspects: (1) the hole 
spin-orbit coupling is usually much stronger, and (2) hole has spin 7 = 3/2. Due to the strong spin-orbit coupling, the 
D'yakonov-Perel' mechanism is very efficient in hole system and the spin lifetime is usually very short. For example, 
hole spin lifetime in intrinsic bulk GaAs is observed to be ^ 0.1 ps 120711 . As the spin-orb it coupling is s trong, the 
hole system is usually in the weak scattering regime of the D'yakonov-Perel' spin relaxation MImliel .Luetal. 
found that in two-dimensional hole system the spin polarization oscillates without an exponential decay in the weak 
scattering regime 063(1 . In this case, the spin lifetime is not easily characterized. However, the incoherently summed 
spin coherence P{t) - 2^ IPk(f)l (Pk denotes the sp in co herence) shows good exponential decay and from its decay 
rate the irreversible spin dephasing rate is obtained 136311 . Another salient feature of hole spin system is that hole has 
spin J - 3/2. As a consequence the spin density matrix of hole system is 4 x 4 which contains spin coherence that 
does not correspond to any spin polarization. Also, the hole spin-orbit coupling may not be equivalent to an effective 
magnetic field as it can be high powers of the hole spin operator J (such as (k ■ J)^ in the Luttinger Hamiltonian 



^^In the remaining part of tlie paper, we denote all these quantities (f/, fp and r,„) as t,, in qualitative discussions, if we can . 

^'^Effect of magnetic field o n the D'y akonov-Perel' spin relaxation was studied in the semiclassical limit in Refs. Il 17ll333ll373l438l1l as well as 
in the quantum limit in Refs. l382H387ll . 
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[Eq. (fTTliI). In the work of Winkler i389ll . the hole spin density matrix is decomposed by the spin multipole series 
to provide a more systematic understanding on the spin-dependent phenomena in hole system. Winkler found that 
the hole spin-orbit coupling can induce transfer between different spin multipoles, while t he ma gnetic field can only 
induce spin precession of the spin dipole (i.e., the spin polarization) in bulk hole system i389ll . The transfer of the 
hole spin multipoles under the hole spin-orbit coupling was found to influence the hole spin polarization relaxation 
due to the D'yakonov-PereF mechanism |208]. 



3.2.3. Bir-Aronov-Pikus mechanism 



It was proposed by Bir, Aronov and Pi kus that th e electron-hole exchange scattering can lead to eflicient electron 
spin relaxation in p-type semiconductors 1 105 , 106ll . According to the electron-hole exchange interaction given in 



Eq. (l37l i. within elastic scattering approximation, spin lifetime limited by the Bir-Aronov-Pikus mechanism is given 
by the Fermi Golden rule, 

-i- = 4njj(s^ + 4,„' - ^k-q - 4.q,„)l^t!q1'"'lVL'(l " ./.I'+qJ- (66) 

' q.k' 

Here is hole energy with spin index m, ST is the electron-hole exchange interaction matrix element [see Eq. S37\ 
in Sec. 2.9] and //, is hole distribution function. As hole spin and momentum relax very fast, //, is taken as hole 
equilibrium distribution. In bulk semiconductors, there are several facts which could help to reduce the above compli- 
cated equation: (i) the heavy-hole density of states is much larger than the light-hole one (thanks to the much larger 
heavy-hole effective mass), which makes the contribution to the spin relaxation rate mainly from the heavy hole; (ii) 
the heavy-hole effective mass is much larger than the electron one, which enables the elastic scattering approximation. 
Using these approximations and including only the short-range exchange interaction, one obtains a simple result for 



nondegenerate hole system 111 1711 



, 2 o (vk) 

T, = — nAflg ' (67) 

To Vb 

where ob is the exciton Bohr radius, 1 /tq = {37t/64)AE^^/{Es) with Eb being the exciton Bohr energy, «/, is the hole 
density, (vk) - {k/m^} is the average electron velocity, and vb - lUniRa^) with niR » m^ being the reduced mass of 



the interacting electron-hole pair. In the presence of localized holes, the equation is improved to be 111 1711 



2 3 <Vk) / «/, 5NA-nh\ 

^—NAai Ur+o^^7 ' (68) 

To Vb \Na 3 Na 



where Na is the acceptor density. For degenerate hole system Illl7ll . 



-1 J 3<^k)^Br 

T, ^—n,,aj,- —, (69) 

To Vb £p 



with E'^ denoting the hole Fermi energy. In an interacting electron-hole plasma, electron and hole attract each other 
and there is an enhancement of the electron-hole exchange interaction due to this attraction. This enhancement is 
described by the Sommerfeld factor. For unscreened Coulomb potential, the Sommerfeld factor is |i/'(0)p - -^^j^/l^ - 
exp(--^j^)]. With this factor, spin relaxation is enhanced, l/r', = \if/(0)f/Ts. However, for a completely screened 
Coulo mb potent ial, there is no enhancement, |i/'(0)p = 1. The effect of the Sommerfeld factor was discussed in 
Refs. ill 17l I390I1 . It should be noted that the long-range electron-hole exchange interaction can not be neglected, 
often (such as in GaAs) it is more important than the short-range one [110]. Hence the above analytical formulae 
is quite limited, unless Es,r is substituted by some proper average of the whole (both the short-range and the long- 
range) electron-hole exchange interaction. The analytical expressions for the Bir-Aronov-Pikus spin relaxation in bulk 
materials and in quantum wells with both short-range and long-range interactions are given in Ref. [390]. 

Spin relaxation rate due to the Bir-Aron ov-Pikus mechanism is usually calculated via Eq. (|6 6]l. which actually 
implies the elastic scattering approximation fl 18', '390', IliS Recently Zhou and Wu 1109^ reinvestigated the 

Bir-Aronov-P ikus spin r elaxation without such approximation from the fully microscopic kinetic spin Bloch equation 
approach ifiil 334 . l350ll . They found that spin relaxation rate was largely overestimated at low temperature in the 
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previous theorie s. T he underlying physics is that at low temperature the Pauli blocking impedes spin-flip in fully 
occupied states \109\ The spin-flip is only allowed around the chemical potential, which suppresses the Bir-Aronov- 
Pikus spin relaxation at low temperature. Amo et al. found similar arguments and results |i392j]. 

Finally, holes also sufifer the Bir-Aronov-Pikus spin relaxation. However, as hole spin-orbit coupling is strong, 
the D'yakonov-Perel' mechanism is very efficient and the Bir-Aronov-Pikus mechanism rarely shows up. The Bir- 
Aronov-Pikus mechanism may become important for holes in heavily n-doped quantum wells, where the D'yakonov- 
Perel' mechanis m is suppr essed by the hole-electron and hole-impurity scatterings and the spin lifetime can be rather 
long (> 500 Dsl ll393m9l . 

3.2.4. g-tensor inhomogeneity 

Under a given magnetic field, spin precession (both direction and frequency) is determined by the g-tensor Mar- 
gulis and Margulis first p roposed a spin relaxation mechanism in the presence of magnetic field due to the momentum- 



dependent g-factor 113331] ■ Later Wu and Ning also pointed out that energy-dependent g-factor gives rise to an inhomo- 



geneous broadening 1133411 in spin precession and hence results in spin relaxation. Without scattering the inhomoge- 



neous broadening only leads to a reversible spin relaxation. Any scattering, including the electron-electron scattering. 



which randomizes spin precession, results in irreversible spin relaxation 1133411 . In the irreversible regime, under a 
magnetic field B along j direction, the relaxation rate of the spin component along the ; direction [/, j - x, y, z\ can be 
obtained in analogy with Eq. (l40t . 



1 , „,v^ (g,j-glj>c 



(;"bB)' Yj \ . "l./J (70) 



Here l,n - x, y, z, gij is the g-tensor and is the correlation time of spin precession limited by scattering, gij denotes 
the ensemble average of gij. The above equation holds only in the motional narrowing regime, i.e., 

QxbB) ■yjYjii.iig^j - "gif) Tc 1 for any /. In III-V or II- VI semiconductors and their nanostructures, the electron 



g-tensor is k-dependent 02231122411 . hence t^. is limited by momentum scattering (tc — Tp) 03 3 31137411 F^l In the case 
of isotropic g-tensor, the g-tensor inhomogeneity only leads to spin relaxation transverse to the magnetic field. For 
example, in III-V or II- VI bulk semiconductors, the k-dependent g-factor limited electron spin dephasing time is 

T^' ^{^iBB)\'g^-t)Tp. (71) 
It is noted that the induced spin dephasing rate increa ses w ith increasing magnetic field. The g-tensor inhomogeneity 



mechanism usually dominates at high magnetic field Il374tl . 



Another limit is that there is no scattering or the scattering is very weak. In this case, the spin lifetime is limited 
by free induction decay]^ In this regime, if the inhomogeneity of the g-tensor can be characterized by a Gaussian 
distribution, the coherent spin precession leads to a Gaussian decay ~ exp(-f^/T^) with the spin Ufetime being 

(72) 

In self-assembled quantum dot ensem ble, the g-tenso r inhomogeneity mechanism leads to efficient spin relaxation, 
masking the intrinsic irreversible one ll33lll39al 139711 . However, such spin relaxation can be removed by spin echo 




or mode-locking techniques in experiments f33l']. The g-tensor inhomogeneity mechanism is also important for the 
spin relax ation of localized electrons in «-type quantum wells 1,398.1 and localized holes in /?-type quantum wells 
ll399[l40(ill l^ 



^'if the g-tensor is only energy dependent, then is only Umited by inelastic scattering. 

^^Out of the strong scattering and no scattering limits, the spin lifetime is Hmited by both the free induction decay time and the irreversible spin 
relaxation time. 

^^The k-dependent hole g-factor in [001] quantum wells is given by Eq. \25\ . 
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3.2.5. Hyperfine interaction 

Recalling that the hyperfine interaction between electron spin and nuclear spins is 



//hf = ^ A„V(#(R/)l'S ■ I,> = h ■ S. 



(73) 



Here v labels both the atomic site in the Wigner-Seitz cell and the isotopes, while / is the index of the cell. Ay is the 
coupling constant of the hyperfine interaction, vq is the volume of the Wigner-Seitz cell and A^o - I/vq. i/'(r) is the 
envelope function of the electron wavefunction. h is the effective hyperfine field acting on electron spin, which is also 
called the Overhauser field. The hyperfine interaction exchanges electron spin with nuclear spin and hence leads to 
electron spin relaxation. 

There are different scenarios of the hyperfine interaction induced electron spin relaxation acting in several regimes. 
There are four regimes: (i) the non-interacting spin ensemble without spin echo fs?]; (ii) the non-interacting spin 
ensemble with spin echo |38]; (iii) the hopping regime where electrons at different local sites are weakly connected; 
and (iv) the metallic regime where most electrons are in extended states. 

In regime (i), spins are separated in space or time and do not interact with each other, i.e., they evolve indepen- 



dently. Examples are spins in a number of singly charged self-assembled quantum dots 140 111 and single spin in a 
quantum dot (or two spins in a double quantum dot) measured at different times ||38, 402ll . In this regime, the spin 



relaxation is determined by the free induction decay due to the random local Overhauser field. For the quantum dots 
ensemble, each electron spin in a quantum dot interacts with about 10^ ~ 10^ nuclear spins. According to central 
limit theorem, the distribution of the Overhauser field is Gaussian 



P(h) 



1 



(27rcr2)3/2 



exp( 



The variance cr/, is given by 



(74) 



(75) 



where hi = -^f Yjv^l^vi^v + 1) and A^^ = 2/[v() J dr\t(f{r)\'^] is the effective number of the nuclei. Assume that the 
Overhauser fi eld is quasi-static, i.e., the Overhauser field fluctuates at the time scale much longer than the electron 
spin lifetime 14031]. Under such an approximation, the electron spin polarization decays as exp(-f^/T^), where the 
spin lifetime is 

t;' = y/2cT,,. (76) 

For Nl ~ 10^, calculation gives a short spin lifetime on the time scale of 10 ns (1 fis) in GaAs (silicon) quantum 
dots0 Electron spin relaxation under external (static or time-dependent) magnetic field can be different from the 
zero field case, but is still well described by aver aging over spin precession under the coaction of the external and 



Overhauser field with the distribution P(h) 113011 1403. 405 1 11 It was proposed that high nuclear spin polarization 



l406ll or state-narrowing of the nuclear distribution "ll407ll408ll can markedly narrow the distribution of the Overhauser 



field and suppress the spin relaxation. Recent experiment in double quantum dot demonstrated the enhancement of 
the electron spin lifetime by a factor of ~70 through polarizing the nuclear spins |4Q2J. 

In regime (ii), the inhomogeneous broadening of the Overhauser field is removed by spin-echo. The spin relax- 
ation is then caused by the temporal fluctuation of the Overhauser field. The fluctuation is caused by the nuclear spin 
dynamics due to the hyperfine interaction and nuclear spin dipole-dipole interaction. As nuclear spin relaxes much 
slower than electron spin, the electron spin dynamics due to the hyperfine interaction is non-Markovian. Further- 
more, the fluctuation in nuclear spin system is a many-body problem, where the collective excitation is not obvious. 



This timescale is much shorter than both the time scale of the nuclear spin precession under the hyperfine field generated by electron ~ 1 jUS 
(~ 100 /is) and nuclear spin-flip time due to the nuclear spin dipole-dipole interaction ~ 100 (~ 6000 /js) in GaAs (silicon) l303ll404ll . which 

justifies the quasi-static treatment of the Overhauser field | 403]. 

^'The magnetic field may also change the electronic wavefunction and hence the spin relaxation as depends on the wavefunction l30lll . 
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These factors make it difficult to calculate the spin lifetime Umited by the hyperfine intera ction. Nevertheless, recent 
developm ents attacked the problem via the equation of motio n approach 1 344 , 410l - 413 1. Green function approach 
1 4ld 414 , 415i] and the quantum cluster expansion approach 1 289l 416l - 422 ] . It was predicted theoretically th at vi a 



desi gned magnetic pulses, the electron spin coherence lost th roug h the hyperfine interaction can be restored 11423 
|431^ . Recent experiment confirmed the theoretical prediction 1 432 1. Other experimental investigations in regime (ii) 



involve: the study of the decay of spin echo of a single sp in in a quantum dot I.40Z1 . two spins in a double quantum 
dot ll38ll433ll and spins of donor bound electrons in silicon ll288ll : the developmen t of an opt ical mode-locking method 
to study the irreversible electron spin dephasing in self-assembled quantum dots i33lll43411 . 

Regime (iii) is the hopping regime where electrons at different local sites are weakly connected. The hopping 
between the local sites induces the exchange interaction between electrons. The exchange interaction interrupts the 
spin precession induced by the random local Overhauser field. If the exchange interaction is weak, the electron spin 
ensemble suffers both the free induction decay and the irreversible spin decay due to the randomization caused by the 
exchange interaction. If the excha nge interac tion is strong, the spin precession around the random local Overhauser 
field is motional narrowed ll39ll40l[323ll435h . An example of regime (iii) is the locaUzed electron spin ensemble in 
the insulating phase of a n-doped semiconductor. 

The exchange interaction between electrons limits the correlation time of the spin precession due to the random 
Overhauser field. In the following, we focus on the motional narrowing limit, which is also the focus in the literature. 
In this limit, (whfTc) <K 1 ((...) denoting the electron ensemble average) with oi m be ing the spin precession frequency 
due to the hyperfine interaction. In this regime, the spin lifetime is given by ll3l l435ll 



(77) 



Here the prefactor | is due to the facts that only transverse fluctuation can lead to spin relaxation and that the angular 
distribution of the fluctuation field is uniform. Roughly Tc - 1 /{Jij}, where (7^ ) is the averaged exchange coupling 
strength with / and j being the site indices 1391. l40l] . 

In regime (iv), the metalUc regime, most of the electrons are extended and k is a good quantum number. In this 
regime, the spin relaxation due to the hyperfine interaction is described as a s pin-fl ip scattering. For example, in bulk 
semiconductors, the spin lifetime due to the hyperfine interaction is given by 1143611 . 
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(78) 



Here {k) - kf\J^\ - f\i^)l Y^i. /k(l - /k) with /k the Fermi distribution. Calculation by Fishman and Lampel |436] in 
bulk GaAs shows that the spin lifetime is on the order of 10^ ~ 10^ ns in the metallic regime, whereas the measured 
spin lifetime is less than 300 ns i2li l39ll . Therefore the hyperfine interaction mechanism is irrelevant to the spin 
relaxation in the metallic regime in bulk GaAs. 

Hole spin relaxation due to the hyperfine interaction attracted a lot of interest recently 01 16i 1301 . I437U440I1 . For 
a long time, it was believed that holes interact weakly with nuclear spin and the hyperfine interaction is negligible 
to hole spin relaxation [3]. However, recent calculations indicated that the hole-nucleus hyperfine interaction is only 
one order of magnitude smaller than the electron one |301], which still provides considerable effects on hole spin 
relaxation [301]. In principle, the above discussions on electron spin relaxation due to the hyperfine interaction are 
also applicable to hole system. Differently, the heavy-hole hyperfine interaction in quantum wells is of the Ising form 
^hf ~ 2i>^J^ol'/'(I^i)P'^^^/v ™s is along the growth direction). Conseq uent ly, the hole spin relaxation due to 
the hyperfine interaction is different from the electron one: it is anisotropic BOlll . Further studies on the hole spin 
relaxat ion due to the hyperfine interaction, especially in quantum dots where hole spin is a promising candidate for 
qubits II441LI442II . are required. 



3.2.6. Anisotropic exchange interaction 

The anisotro pic exc hange interaction is an ef f icien t spin relaxation mechanism in the insulating phase of doped 



semiconductors 1^ 391 40l 322 - 324 , 324 . 325 . 443 . 444 1. The interaction comes from a correction to the Heisenberg 



exchange interaction between carriers bound to adjacent dopants due to the spin-orbit coupling. It can be written as 
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//anex ^ 'Jijl sHyij)^ ■ (Si X S,) + (1 - COS ro)(— ' S,)(^ ■ S,)l, (79) 

in which Jij is the isotropic exchange constant, jij is a vector due to spin-orbit coupHng. It is estimated as y,y ^ 
nieilsoi '^2meEBr^)rii/ y/lm^EB, where Qso(k) is the spin precession frequency, Eb > is the electron binding 
energy and r,y is the vector connecting the positions of site / and j. The first term is the Dzhyaloshinskii-Moriya in- 
teraction and the second one is the scalar exchange interaction. The scalar exchange interaction does not conserve the 
spin perpendicular to whereas the Dzhyaloshinskii-Moriya interaction does not conserve spin alo ng an y direction. 



Consequently the anisotropic exchange interaction leads to decay of total carrier spin polarization 1132211 . As jij is 



usually very small in insulating phase, sin(y,y) ^ jij and 1 - cos(yij) » ^y?.. One should note that y,j is proportional 



to the strength of the spin-orbit couphng. 

In insulating phase, electron spin precesses around the anisotropic exchange field produced by a randomly oriented 
adjacent electron spin, which results in a random-walk-like spin precession. The correlation time of spin precession, 
is limited by hopping time as well as the isotropic exchange interaction with adjacent electrons. The latter perturbs 
the spin precession of individual electron but conserves the total spin polarization. Studies indicate that the latter is 
much more efficient than the former in GaAs [40] ■ Hence an estimation of the correlation time is ~ 1 1 {Jij), and the 
spin precession frequency is Q a; {Jijjij)- Therefore spin relaxation time reads ll40ll 

t;' ^ \{Jij){yijf. (80) 

Here the prefactor | is due to the facts that only transverse fluctuation can lead to spin relaxation and that the angular 
distribution of the random exchange field is uniform (as the adjacent electron spins orient randomly). It should be 
noted that the spin relaxation rate, which oc {jijf', is proportional to the square of the strength of the spin-orbit 
coupling. 

The anisotropic exchange interaction mechanism has also been reviewed by Kavokin in Ref. ll40ll . where many 
aspects of spin relaxation of localized electrons were discussed. However, we note that there was no theoretical study 
on the anisotropic exchange interaction for holes in insulating phase up till now. As the spin-orbit coupling is stronger, 
one would expect tha t the anisotropi c exchange interaction is more efficient in hole system. Recently there are a few 
experimental studies i400l 445 , 446ll on hole spin relaxation in the insulating phase in two-dimensional hole system. 



Theoretical investigation on the role of the anisotropic exchange interaction in hole spin relaxation under experimental 
conditions is desired. 

3.2. 7. Exchange interaction with magnetic impurities 

In magnetic semiconductors, the exchange interaction with magnetic impurities can be an important source of 
the spin relaxation. In (II,Mn)VI magn etic semic onductors, the s-d exchange interaction has been recognized to be 
responsible for electron spin relaxation ll447U45^. Recently, it was found that in p-type paramagnetic GaMnAs quan- 



tum wells, the s-d exchange interaction dominates electron spin relaxation at low temperature [11 1,1. In general, the 
spin relaxation due to the s-d (p-d) exchange interaction is similar to that due to the hyperfine interaction. There can 
be several regimes, where different scenarios take place. However, there are only two regimes which are commonly 
encountered: the insulating regime where most carriers are localized and the metallic regime where most carriers are 
extended. In the insulating regime, the exchange interaction with randomly oriented magnetic impurity spins induces 
random spin precessions. There are several processes interrupt such random spin precessions: (i) exchange interaction 
between carriers; (ii) carrier hopping; (iii) fluctuation or diffusion of the magnetic impurity spins. These processes 
limit the correlation time of the random spin precession. If Tc is small, so that {ils(p)-d}Tc ^ 1 i^s(p)-d is the spin 
precession frequency due to the s{p)-d exchange interaction and (...) represents the ensemble average). In this regime, 
the spin relaxation rate reads 

- iKpyJrc (81) 
In metallic regime, sp in relaxati on rate is given by the Fermi Golden rule. For example, in bulk system, the electron 



spin relaxation rate is 1145 iL 1452 1 



-1 me{k) 



t;' = ^^JtdNMSMiSM + 1), (82) 
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where J^a is the s-d exchange constant, Nm is the density of magnetic ions with spin S M,{k} - 2k ^/k( 1 -fk) /2k /k( 1 ~ 
/k) with /k being the Fermi distribution. Hole spin relaxation rate due to the p-d exchange interaction can also be 
calculated via the Fermi Golden rule, only that the spectrum and the eigen -spinor are more complicated. In principle, 
the same scheme is applicable to electrons (holes) in nanostructures 04481]. 



3.2.8. Other spin relaxation mechanisms 

The main remaining spin relaxation mechanisms are various spin-phonon interactions (except those which have 
been grouped into the Elliott- Yafet mechanism). Generally the origin of the spin-phonon interactions is that when spin 
interactions depend on the positions of atomic ions (both host and dopant), lattice vibration couples directly with spin. 
There are several such kinds of spin interactio ns, s uch as the strain-induced spin-orbit coupling and the hyperfine 
interaction. The strain also modifies ;^-te nsor 11453 1. All such lattice dependent spin interactions can be the origin 
of the spin-phonon interactions |i453h458I1. In n anostructure, the gate-voltage and structure induced modification of 



spin-orbit coupUng III 1311 and ^-tensor 0811111311 further induce more spin-phonon interactions 0344145711 . Besides, 
spin mixing associated with spin-independent phonon scattering also leads to the spin-flip phonon scattering. For 
example, for localized electrons which are bound to impurities or confined in quantum dots, s pin-orbit coupling and 
hyperfine interaction can induce spin mixing and enables spin-flip electron-phonon scattering j 344 , 459ll . 

In existing literature, there are a lot of studies on the spin-phonon interaction induced spin relaxation. Most of 
them focus on spin relax ation of donor-bound electrons 1,324,,453,. 460-463,1 and electrons/holes in quantum dots 1 3431 
34il45U460[ 4641 - 149211 ■ A comprehensive study of el ectro n spin relaxation/dephasing due to various spin-phonon 
interactions in GaAs quantum dots is presented in Ref. The spin-phonon scatterings are usually limited by the 

electron-phonon scattering rate and the effect of the spin-orbit interaction. It was believed that they are unimportant 
in metallic regime. The relat ive importance of diff'erent sp in-ph onon interactions are compared for various conditions 
in GaAs quantum dots f344"l and in Si/Ge quantum dots f486'l. Among those spin-phonon interactions, the phonon 
induced g-tensorfluctuation was found to be irrelevant in GaAs quantum dots 1.344.1 . whereas it is important in Si/Ge 
quantum dots ll486ll . Finally, the gate noise can also lead to spin relaxation in gated qua ntum dots in the presence of 
the hyperfine interaction, spin-orbit interaction or electron-electron exchange interaction 1149 31149411 . 



3.2.9. Relative efficiency of spin relaxation mechanisms in bulk semiconductors 

In this subsection, we briefly discuss and review the relative efficiency of various spin relaxation mechanisms. 
We give some rough discussions based on the analytical formulae which are based on some approximations For 
simplicity, we restrict the discussion here on the bulk III-V semiconductors. The situation in III-V semiconductor 
nanostructures or II- VI semiconductors and their nanostructures may be different. Nevertheless, some insight can be 
gained from these discussions. We also comment on hole spin relaxation and carrier spin relaxation in centrosymmet- 
ric semiconductors such as silicon and germanium. 

For spin relaxation in bulk III-V semiconductors in the insulating regime, as stated before, the anisotropic ex- 
change interaction dominates at high doping density, whereas the hyperfine interaction dominates at low doping 
density. In metallic regime, the spin relaxation mechanisms are the D'yakonov-Perel', the Elliott- Yafet and the Bir- 
Aronov-Pikus mechanisms. In n-doped semiconductors the Bir-Aronov-Pikus mechanism is ineffective due to lack of 
holes. Hence the relevant mechanisms are the Elliott- Yafet and the D'yakonov-Perel' mechanisms. From Eqs. i53[ 
and (i62] i. the ratio of the sp in lifetime s due to the Elliott- Yafet and the D'yakonov-Perel' mechanisms in bulk III-V 
semiconductors is given bv lTTolfTTTli . 
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(83) 



where the prefactor A\ ~ 1. It is inferred from the above expression that the Elliott-Yafet spin relaxation is more 
important in semiconductors with smaller Eg, such as InAs and InSb. The factor 
mechanism is more important at lower temperature with higher impurity density. 



such as InAs and InSb. The factor (ek)'!"^ indicates that the Elliott-Yafet 



Besides competition, there are also some cooperation between different spin relaxation mechanisms. For example, spin-flip momentum 
scatterings due to the Elliott-Yafet, the Bir-Aronov-Pikus, the s(p)-d exchange interaction and other mechanisms also lead to the randomization of 
momentum, they thus contribute to the D'yakonov-PereF spin relaxation as well. However, as these spin-flip momentum scatterings are usually 
much weaker than the spin-conserving ones, they only lead to a small modification of the D'yakonov-Perel' spin relaxation Il09lllllll . 
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In p-type and intrinsic semiconductors the relative efficiencies of the Bir-Aronov-Pikus and the D'yakonov-Perel' 
mechanisms are always compared. The Bir-Aronov-Pikus mechanism is believed to be important for high hole density 



at low temperature [2lL ll 1711 . In such case the hole system is degenerate, thus it is meaningful to compare the 



D'yakonov-Perel' and the Bir-Aronov-Pikus mechanisms for degenerate holes. From Eqs. ( |62] | and ( |69] | one finds 

I5i£ . .,,„,.<f^( - ,.^_LiL, ,84, 

tdp Eg l-T]/3ni,a^^kBT 

where the prefactor A2 ~ I and is hole Fermi energy. It is seen from the above formula that the Bir-Aronov- 
Pikus mechanism is more important in semiconductors with larger band gap Eg, smaller spin-orbit interaction (i.e., 
smaller t]) and stronger electron-hole exchange interaction (i.e., smaller tq). From the above equation, one finds four 
controlling factors: Tp, (et), «/, and T (Note that E^ ~ njl^). The Bir-Aronov-Pikus mechanism is more important at 
higher hole/impurity density and lower electron density. For nondegenerate electron, as (et) ~ k^T, the Bir-Aronov- 
Pikus mechanism is more important at low temperature. However, for degenerate electron, the Bir-Aronov-Pikus 
mechanism is more important at high temperature, as (sk ) ~ E y. Such qualitative different behavior for nondegenerate 
and degenerate electron was illustrated in a recent study jl lOll (see also Sec. 15.6b . 

The Elliott- Yafet mechanism can be comparable to the Bir-Aronov-Pikus mechanism in p-type semiconductors. 
The ratio of the two spin lifetimes for degenerate hole is 

tey ^ . Tp ^ E] 1 l-qlZ kYiT 

~ A3— nftOo— ————(- -) -— , (85) 
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where A3 ~ 1. According to the above equation, the Elliott- Yafet mechanism is more important in semiconduc- 
tors with larger tq (i.e., weaker electron-hole exchange interaction), smaller band-gap Eg and larger 77 (i.e., larger 
spin-orbit interaction). Hence the Elliott- Yafet mechanism may exceed the Bir-Aronov-Pikus mechanism in semi- 
conductors with small band-gap and large spin-orbit interaction, such as InSb and InAs. For a given material, the 
Elliott- Yafet mechanism is more important at stronger momentum scattering (i.e., smaller Tp) and lower hole density. 
For degenerate electrons, the Elliott- Yafet mechanism is more important at larger electron density and lower temper- 
ature, as (sk) ~ ^F- However, for nondegenerate electrons, the Elliott- Yafet mechanism is more important at higher 
temperature, as (sk) ~ k^T. 

In brief, some understanding of the topic can be obtained from the above discussions. Nevertheless, as there are a 
lot of approximations in these formulae, they can not give a picture of whole parameter range. In some case the many- 
body effects which are absent in the above analysis plays an important role. Moreover, the relative efficiency relies 
strongly on the genuine material parameters. Only a realistic calculation can fully resolve the prob lem. A systematic 
calculation from the fully microscopic kinetic spin Bloch equation approach by Jiang and Wu f 110] indicated that the 
Elliott- Yafet mechanism is less important than the D'yakonov-Perel' mechanism in all parameter regime in n-type 
bulk III-V semiconductors in metallic regime. In the same work, the Bir-Aronov-Pikus mechanism was found to be 
unimportant in intrinsic samples, whereas it dominates spin relaxation in p-type samples at low temperature and high 
hole density when the electr on density is low. However, the Bir-Aronov-Pikus mechanism is ineffective when the 
electron density is high ill lOll . It was also found via the same approach that in intrinsic or p-type GaAs quantum wells 
when electron density is comparable with hole density, the Bir-Aronov-Pikus mechanism is unimportant |109]. In a 
recent work IJIZI . the relative importance of the Bir-Aronov-Pikus mechanism and the D'yakonov-Perel' mechanism 
in p-type GaAs quantum wells was compared comprehensively. Systematic co mpa risons of various spin relaxation 
mechanisms in paramagnetic GaMnAs quantum wells was performed in Ref. jl 1 1 11 also via the kinetic spin Bloch 
equation approach. 

Finally, in centrosymmetric semiconductors, such as silicon and germanium, the situation is totally different. In 
bulk system, as the spin-orbit coupling term in conduction band vanishes, the D'yakonov-Perel' mechanism is absent 
in electron spin relaxation. Hence in n-type bulk silicon and germanium, the Elliott- Yafet mechanism dominates 
electron spin relaxation in metallic regime (I2I, 22, 362ll . In insulating regime, electron spi n relaxation is domin ated 



by other mechanisms such as the hyperfine interaction and the spin-phonon interaction 1 289 , 4531 46 li 463ll. I n 



nanostructures, which breaks the centro-inversion symmetry, spin-orbit coupling term shows up 0291 " l294n295 1. 



Experiment indicated that in silicon quantum wells the D'yakonov-Perel' mechanism is dominant in high mobility 
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regime, whereas the Elliott- Yafet mechanism is more important in low mobility regime 1129711 . Due to the nature of 
indirect band, optical spin orientation is not easily accesible. Hence the electron spin dynamics was studied only 
in n-type system, whereas the hole spin dynamics in p-type system. In p-type system, like the situation in III-V 
semiconductors, hole spin-orbit coupling in the Luttinger Hamiltonian is large and the D'yakonov-Perel' mechanism 
is believed to be dominant. The D'yakonov-Perel' mechanism also dominates hole spin relaxation in nanostructures 
of silicon and germanium I.299J . 

4. Spin relaxation: experimental studies and single-particle theories 

The study of spin lifetime and spin diffusion length is one of the central focuses in spintronics. A large quantity 
of papers can be foun d in t he past decades. Recent development of spin grating measurement gives new insight into 



spin diffusion II13LI33L 149511 . while spin noise spectroscopy enables measurement of the intrinsic carrier spin lifetime 
with negligible disturbance on the carrier system [496-499]. Also the latest technique of tomographic Kerr rotation 
achieves spin state tomography [500;]. We expect that these new experimental techniques will inspire and enable more 
important findings. 

In this section we review experimental studies and single-particle theories on spin relaxation and dephasing times. 
Here, the term "single-particle theory" refers to the theory where the carrier-carrier scattering is not considered. It 
will be shown in next section that the carrier-carrier scattering plays an important role in spin relaxation. We focus 
on spin relaxation in III-V and II- VI semiconductors where the bulk inversion asymmetry induced spin-orbit coupling 
plays an important role. Spin relaxation in centrosymmetric semiconductors, such as silicon and germanium, is also 
reviewed. The discussions in the previous section will be used frequently. 

4.1. Carrier spin relaxation at low temperature in insulating regime 

Carriers in semiconductors are mostly ionized from dopants. At low temperature, dopants can trap those carriers. 
When doping density is low, carriers are bound to isolated dopants and the system behaves as an insulator. At elevated 
doping density, carrier system becomes metallic after the metal-insulator transition at some critical density nc. In 
metallic regime carrier transport is band-like, whereas in insulating regime it is dominated by carrier hopping. It is 
then not difficult to understand that the relevant carrier spin relaxation mechanisms in insulating regime are different 
from those in the metallic regime. In this subsection, we review spin relaxation at low tem perature in insulating 
regime. Remarkably, the longest spin lifetimes in GaAs was reported as r., ^ 300 ns [501, at zero magnetic field. 
At high magnetic field in lightly doped GaAs, the spin lifetime can reach - 19 yus 15031. I n high purity GaAs, the 
spin relaxation time of donor-bound electrons can be as long as several milliseconds 150411 r 'I 

It has been identified that spin relaxation in insulating regime is dominated by anisotropic exchange interaction 
mechanism at high doping density whereas by the hyperfine interaction mechanism at low doping density, at zero 



magnetic field jlH, S HH . If 2/ -^(w^)Tc <k 1, spin relaxation rate is given by 1114351 



^<W/>^o (86) 

/ 

where w/ is the electron spin precession frequency due to the random effective magnetic field. The index / denotes 
the mechanism leading to the random fields: it can be the hyperfine interaction with the nuclei and the anisotropic 
exchange interaction with adjacent electrons. (...) represents ensemble average. Tc is the correlation time of the 
random spin precessions. Tc can be limited by disturbance of electron spin state or the random field wy . Realistic 
calculation indicated that in GaAs Tc is mainly limited by the former due to the isotropic exchange interaction l[39[ 
40ll 3 Therefore - 1 / {Jij} where Jij is the isotropic exchange coupling constant between / and j donor-bound 



''The ensemble spin dephasing time (r| =: 5 ns |505]) and irreversible spin dephasing time (T2 = 7 /iS f50(?]) are much shorter under the same 
condition. 

'^In fact such disturbance of electron spin state can be viewed as spin diffusion in a network coupled by the isotropic exchange interaction |40|| . 
From the random-walk theory, is related to the spin diffusion constant D, as ^ (Sn^^D,)"' pflf]. 
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electrons. The average of Jij is taken over the donor configuration. Spin relaxation rate due to the anisotropic 
exchange interaction is then given by [see also Eq. ( I8OI 1I 

r;' ^ \{Ju){yu)^, (87) 

where jij is the spin precession angle during the tunnel hoping from / to j donor site (see Sec. 3.2.6). The hyperfine 
interaction-limited spin lifetime is 

where cr/, [given by Eq. (l75T l1 is the variance of the Overhauser field. It is noted that the spin relaxation rates due to the 
two mechanisms have diff'erent dependences on {Jij). Naively, it is expected that {Jij) increases with decreasing inter- 
donor distance (i.e., increasing doping density). It is then easy to understand that the anisotropic exchange interaction 
dominates spin relaxation at high doping density, whereas the hyperfine interaction dominates at low doping density 
ll39. .40. 3231 . For hydrogen-like centers, the exchange coupling constant is given by 1325.1 

:^)^/2exp(-^- 
4neoKoa a a 



Jij " 0-827T— (— ) ' exp(— ^), (89) 



where a is the Bohr radius of the hydrogen-like wavefunction. It is noted that the dependence on inter-donor distance 
r,j is exponential^ 

Usually both localized and free (extended) electrons coexist and they are also coupled by exchange interactions. 
It was found that the exch ange coup ling between the localized and free electrons is so eflicient that the two share a 
common spin lifetime li^, 324 , 508ll . The spin relaxation rate of the whole electron system is then given by i324ll . 



T, ■ = T,/n//(n, + nf) + Tjlrif/ini + nf), (90) 

where «/ and «/ are the densities of localized and free electrons, respectively, t/j and t/, are the spin lifetimes 
of localized and free electrons, separatel y. In many cases spin relaxation is dominated by localized electrons as they 



have much faster spin relaxation rate 1 4^ 324 ] . B esides, the exchange interaction between free and localized electrons 
can also limit Tc and elongate the spin lifetime llSOli Isoill. The effect of electron localization on spin relaxation in 
w-dop ed quantum wells, especially in symmetric (110) quantum wells, was discussed in a recent theoretical work 



In the presence of magnetic field, the situation becomes much more complicated ji^, 510ll . First, magnetic field 



reduces the isotropic exchange coupling (as the wavefunction becomes more localized) and hence increases Tc ll40ll . 
The anisotropic exchange interaction is also reduced. Second, spin relaxation due to the random spin precession is 
slowed down by the magnetic field parallel to spin polarization [see Eq. (I40li1. Third, spin relaxation due to ^-tensor 
inhomogeneity increa ses w ith the magnetic field. Fourth, at high magnetic field, spin-flip electron-phonon scattering 
may come into play l'383'j. All these factors complicate the magnetic field dependence of the spin relaxation. Up 
till now, there is little discussion on the problem [40, 510]. Experimental results on magnetic field dependence of 
spin lifetime are available in Ref. llsi ill . Yet the observed magnetic field dependence is to be explained by theory 



051 in . Before turning to experimental studies, it should be mentioned that until now there are only a few theoretical 
works on spin relaxation in insulating regime [39, 40, 322-324, 324, 325, 443, 507, 510, 512, 51.3], more studies are 
needed. Especially hole spin relaxation in insulating regime was discussed only in Ref. l399ll where only the ^-factor 
fluctuation mechanism was studied. 

We now review the experimental studies on carrier spin relaxation at low temperat ure in insulating regime. Many 



efforts have been devoted to the spin relaxation in «-GaAs at low temperature ]|4|, |39|, 1144 l32lL 14971 l501l - l503l 151 1 



As stated in the previous footnote, is actually limited by spin dilfusion due to exchange coupling in the network of randomly distributed 
donors. In some clusters where the inter-donor distance is shorter than the average one, spin diffusion becomes much faster due to the exponential 
dependence. Therefore this kind of cluster serves as easy passages of spin diffusion. At low doping density spin diffusion is dominated by such 
kind of s mall cluster. In this case the spin diffusion should be treated with percolation theory \40i. Such kind of studies were performed in 
Refs. (40Ll507ll. 
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514 - 521 1. In one of the seminal work by Kikkawa and Awschalom 0], a surprisingly long spin lifetime (130 ns) was 
observed in n-GaAs, which sheds light on the possibility of the semiconductor spintronics. This, together with the 
observation of a very long spin diffusion length (100 yum) in GaAs [52 as well as the progress on spin injection into 
semiconductors 115 22[ 152311 . excited the society and led to the rapid rising of the field of semiconductor spintronics. 
Interestingly, most of these works were done in bulk «-GaAs with a doping density of lO'^ cm"^. 

Dzhioev et al. |39] measured, in a wide range (10'^ ~ 10'^ cm"^), the doping density dependence of spin lifetime 
at low temperature T < 5 K0 The results are presented in Fig. [T] Spin lifetime first increases before reaching its 
first maximum at doping density no - 3 x 10^^ cnT^; it then decreases with doping density; around the metal- 
insulator transition point at doping density no = 2 x 10'^ cm""*, spin lifetime increases rapidly and reaches its second 
maximum; after that (i.e., in metallic regime) spin lifetime decreases monotonically with doping density. This intricate 
behavior is due to the different spin relaxation mechanisms in metallic and insulating regimes. In metallic regime, spin 
relaxation is dominated by the D'yakonov-Perel' mechanism where Tj ' ~ {sl}Tp. At such low temperature, electron 



n' (according to Brooks-Herring formula) and (ef) 



njj. Therefore t. 



system is degenerate. Hence Tj, ~ rto/kp 
decreases with doping density no as Tj ~ n^^. In insulating regime, the D'yakonov-Perel' mechanism is irrelevant. 
The relevant spin relaxation mechanisms are the anisotropic exchange interaction (at high doping density) and the 
hyperfine interaction (at low doping density). As indicated by Eqs. (l87l i and (l88l l. spin relaxation due to these two 
mechanisms have different doping density dependences (as increases with increasing doping density). Therefore, 
their competition leads to the nonmonotonic doping density dependence: spin lifetime first increases then decreases 
with increasing doping density. It is noted in the figure that the measured Tc decreases with increasing doping density, 
which agrees with the theory as ^ 1/(7,^). 
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Figure 1: Spin lifetime Tj O. and •) snd spin correlation time (A) as function of donor concentration «□ in n-GaAs. Solid curves: 
theoretical calculation of r,. Dotted curve: theoretical calculation of r^. due to exchange interaction between adjacent electrons. The vertical 
dashed lines indicate the positions of the peaks of the spin lifetime. Especially, the dashed line at «d = 2 X lO'^ cm"^ also denotes the metal- 
insulator transition. The hyperfine interaction, the anisotropic exchange interaction and the D'yakonov-Perel' mechanisms dominate the spin 
relaxation in the low, medium, high doping density regimes respectively, as indicated in the figure. From Dzhioev et al. |3^ . 

It was demonstrated by Dzhioev et al. that different spin relaxation scenarios can be invoked by optical pumping 

I 50ll I5O2II . At low concentration spin relaxation is limited by the hyperfine interaction mechanism, where the spin 
Ufetime is Tj = 5 ns. The authors showed that by injecting additional electrons, the exchange interaction between 
those electrons and the donor-bound electrons motionally narrows the random spin precession caused by the hyperfine 
interaction. The spin lifetime is then elongated to Tj - 300 ns 



Similar investigation in CdTe was performed in a recent work |52' 
As the photo-excited electrons may affect the spin relaxation significantly at low temperature in insulating regime (4( 



50lLl502ll . it is important 
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Recent ly, S chreiber et al. studied energy resolved electron spin relaxation in «-GaAs near the metal-insulator 
transition ll519ll . They found that there are three components in the time-resolved Kerr rotation under magnetic field 
parallel to the surface by examining the spin precession frequency as well as spin lifetime. The different precession 
frequencies indicate that those components should be attributed to electrons at different energy states. The sequential 
emergence of the three components confirms such hypothesis. The authors attributed these three states as: delocalized 
states in donor band, localized states in the tail of donor band and free electron states in the conduction band. The 
authors also found that absolute value of the g-factor in localized states in the donor band tails is smaller than those in 
the other two states. 

The magnetic field and temperature dependen ces of spin relaxation time in lightly doped n-GaAs were measured 
systematically by Colton et al. in Refs. 115031151 ill . The main results are shown in Fig.|2] Surprisingly a complicated 
nonmonotonic magnetic field dependence was observed: spin lifetime first increases (B < 2-2.5 T) then decreases 
(2-2.5 < B < 3-4 T) and further increases (B > 3-4 T) with increasing magnetic field 115 1111 . Moreover, spin Ufetime 
decreases ra pidly with increasing temperature. For 1 < T < 20 K and 0.5 < B < 2.5 T, it exhibits a power law 
Tj ~ 7^-1 57 [Jn*]. The underlying physics is still unclear ["^o", '511*1. Recently, the temperature dependence of spin 
lifetime in quantum wells was studied carefully in Refs. [445, 525„ .5261 . In these works, differently, it was found 
that the temperature dependence of electron (hole) spin lifetime is quite weak for r<5K(r<2K). At higher 
temperature, the spin lifetime decreases dramatically with increasing temperature. It was proposed that the excited 
localized states from thermal activation, which have much shorter spin lifetimes than the ground states, is responsible 
for the observed phenomena | |526ll . The temperature dependence of spin lifetime in insulating regime was also studied 
theoretically in Refs. l|40il507ll. 
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Figure 2: Left: Spin lifetime T\ as function of magnetic field at various temperatures (a) T = 1.5 and 5 K; (b) T = 1.5, 5, 6.5, 8 and 12 K. Right: 
Spin lifetime Ti as function of temperature for various magnetic field. All temp erature dependences can be fitted to Ti ~ T"'-^', as indicated by 
the thin solid lines. Doping density is no = lO'^ cm"^. From Colton et al. |511|| . 

The electric field dependence of the spin lifeti me in insulating regime also reflects characteristics of electron 



localization. Furis et al. measured such dependence 1152711 . Their results showed that the spin lifetime varies slowly 



with electric field in the linear transport regime. However, after the threshold field of impact ionization, spin lifetime 
drops rapidly with electric field. At such threshold, the free electrons get enough energy from the electric field to 



to reexamine the spin relaxation times obtained by Hanle, or Faraday/Kerr measurements via the spin noise spectroscopy method. Such study has 
been done by Romer et al. in Ref. I520i1 . where the spin relaxation times measured by different methods are compared in very dilute doped 
(no = lO'"* cm"'), low doped (no = 2.7 X lO'^ cm"'), and doping close to metal-insulator transition (no = 1.8 X lO'^ cm"') samples. 
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ionize the localized electrons ll527ll . After the localized electrons become free and the electron system acquires enough 
energy to become a hot electron system, the D'yakonov-PereF spin relaxation is accelerated. The spin lifetime hence 
drops rapidly. 



Density dependence of spin lifetime in two-dimensional electron system was studied by Sandhu et al. 1152811 and 
Chen et al. |398] (see Fig. |3]l, where metal-insulat or tr ansition is involved. In the work of Sandhu et al., metal- 
insulator transition was demarcated by conductivity 152811 . Differently Chen e t al. revealed metal-insulator transition 
by determining the density of states at band edge via ^-factor measurement ll398ll . In GaAs g-factor has an energy 
dependence g(s) - gc + Ps. Therefore at zero (low) temperature the density of states D(e) is written as 



an 



(91) 



where g* is the measured (ensemble averaged) ^-factor and n is electron density. By measuring the density dependence 
of g*, Chen et al. obtained the density of states near band edge (see Fig. O where the tail reveals the existence of 
localized states. Electron localization also manifests itself in the magnetic field dependence of spin lifetime: spin 
dephasing rate in insulating regime was found to follow 



1 



1 



7-2(0)" V2 ' 



(92) 



due to the g-factor inhomogen eity and lo cahzation|^ Similar dependenc e wa s also found in other two-dimensional 
structures at low tem perat ure 1 5291 - 531 1. two-dimensional hole system I 400l 531 1 and in ZnSe epilayers close to 
GaAs/ZnSe interface 153211 . In localized regime, the electron (hole) spin lifetime in t wo-dimensional syste m is very 



long. Usually electron spin lifetime is of t he order o f nanoseconds to microseconds 114451 l53lL I533L 153411 . whereas 



hole spin lifetime can reach nanoseconds 114451 144611 . As temperature increases, spin lifetime decreases due to de- 
locahzation and enhancem ent of the D'yakonov-Perel' spin relaxation which increases with electron ki netic energy 
I445L I525L l535l 153611 . Pump density dependence of spin lifetime was studied in Refs. 1534 153511 where spin 
lifetim e wa s found to decrease with pump density at T < 2 K, similar to that in bulk materials in insulating regime 
fl IsglfsTsIl . The underlying physics is similar to the temperature dependence: the increasing pump density leads to 
the increase of electron density as well as the thermalization of the electron system, and enhances spin relaxation. 

Spin re laxat ion in type-II quantum wells was studied in both GaAs and ZnSe quantum wells at very low temper- 
ature 15371153811 . As electrons and holes are spatially separated, the electron-hole exchange interaction is weakened 
and spin relaxati on ti me is elongated. Especially, in GaAs type-II quantum well, electron spin lifetime can be as long 
as7yL(s at 1.7K iIsStIi . 

Recently, Korn et al. observed extremely long hole spin lifetime, ^ 70 ns, in two-dimensional hole system in 
(001) quantum wells at 0.4 K i446ll . They also observed the decrease of hole spin lifetime with increasing magnetic 
field roughly following Eq. ( |92] l. The low-field (~ 0.2 T) spin lifetime was observed to decrease by about one order 
of magnitude when temperature increases from 0.4 K to 4.5 K. Interestingly, spin relaxation of localized holes due to 
the hyperfine interaction can b e inh ibited by a very small in-plane magnetic field (~ 10 mT) due to the Ising form of 
the hole hyperfine interaction OOlll . Also, the g-tensor inhomogeneity mechanism is not dominant at small (but still 
much larger than 10 mT) magnetic field 1446,1 . Hence the most likely spin relaxation mechanism at such magnetic 
field is the anisotropic exchange interaction mechanism. 

Finally, it should be mentioned that dynamic nuclear polarization is more efficient in insulating regime than in 
metallic regime because the hyperfine interaction plays a more important role in electron spin relaxation in insulating 
regime. The dynamic nuclear spin polarizatio n, in turn, affe cts the electron spin dynamics. Experimental studies 
involve continuous f3','302'l and time-resolved iHll EUSi 

measurements of electron spin dynamics to reveal the 

nuclear spin dynamics. 

4.2. Carrier spin relaxation in metallic regime 

At high temperature and/or high density, carrier system is in metallic regime where most of the carriers are in 
extended states in the conduction/valence band with k being a good quantum number. The relevant spin relaxation 



In metallic regime spin relaxation rate either decreases with increasing magnetic field or varies as [l/r|(B) - 1 /r|(0)] 
inhomogeneity. 



B- due to the g-factor 
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Figure 3: Up: Spin relaxation time as function of HeNe laser excitation intensity (HeNe intensity). Inset indicates magnetic field dependence of spin 
relaxation rate for different HeNe laser intensities [solid lines denote the fittings according to Eq. (92)]. Down: The (a) measured and (b) calculated 
g-factor as function of HeNe laser intensity (electron density). Inset of (b) shows the calculated density of states (DOS) of the two-dimensional 
electron gas with a loc alization tail (solid curve) and that of the unperturbed two-dimensional electron gas (dashed curve). The temperature is 4 K. 
From Chen et al. f398h . 



mechanisms in the metalhc regime are the Elliott- Yafet, the D'yakonov-Perel' and the Bir-Aronov -Pik us mechanisms. 
In the presence of magnetic field, the ^-tensor inhomogeneity mechanism can also be important 113741] . Their relative 
efficiencies differ in various materials and structures. The different temperature, mobility and carrier density depen- 
dences of these mechanisms together with their competition result in various behaviors observed in experiments. In 
this subsection, we review electron/hole spin relaxation in metalhc regime in both bulk semiconductors and semicon- 
ductor nanostructuresl3 We focus on the experiments and single-particle theories, whereas the many-body theory is 
also mentioned partly when it is necessary to understand the experimental results. Review of the many-body theory 
and its salient predictions and results are presented in the next section. 



The experiments and the corresponding theory of electron spin relaxation in p-type bulk semiconductors are summarized in the seminal book 
"Optical Orientation" |[3|1. We will not review this topic here. 
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4.2.1. Electron spin relaxation in n-type bulk III-V and II-VI semiconductors 

As there are few holes, the Bir-Aronov-Pikus mechanism is irrelevant in «-type III-V and II-VI semiconductors. 
Relevant mechanisms are the D'yakonov-Perel' and Elliott- Yafet mechanisms. As has been shown in recent work 
ill lOll . the Elliott- Yafet mechanism is less important than the D'yakonov-Perel' mechanism in n-type III-V semicon- 
ductors, even in the narrow band-gap semiconductors such as InAs and InSb. We neglect the Elliott- Yafet mechanism 
in the subsequent discussi ons. A simple theory of the D'yakonov-Perel' spin relaxation in bulk system has been 
presented in Sec. 3.2.2 Cllll 17ll . The main result is 



Tup - QTpaHsl}/Eg 



(93) 



Q ~ 1. In the presence of magnetic field, the g-tensor inhomogeneity mechanism also works 1137411 . 



(94) 



The g-tensor is assumed to be isotropic. The above equations should be taken only quaUtatively, as they are based 
on a series of approximations and assumptions which are to be justified. From these equations the qualitative be- 
havior of spin relaxation can be understood. To achieve such understanding, the knowledge of momentum scat- 
tering time Tp is needed. In n-type III-V and II-VI semiconductors, momentum scattering mainly consists of the 
impurity, phonon, electron-electron scatterings. In earlier theories based on single particle approach, the electron- 
electron scattering is considered irrelevant to spin relaxationl^l Moreover, the acoustic phonon and transverse-optical 
phonon scatterings are negligible. Therefore, the important scattering mechanisms are the ionized-impurity scatter- 
ing and the longitudinal-optical-phonon scattering. According to the Brooks-Herring formula, the temperature and 



density dependence of ionized-impurity scattering time is [ 21i] Tp 
(nondegenerate regime) and t' 



r"n^ for 



r^/^n^i 

r <K (degenerate regime). 



(no is doping density) for T » Tf 
Based on these dependences, for the 
D'yakonov-Perel' spin relaxation due to the ionized-impurity scattering, Tj ~ T^^^'n/j in nondegenerate regime and 
Ts ~ T^nj} in degenerate regime. For spin relaxation due to the g-tensor inhomogeneity mechanism associated with 
the ionized-impurity scattering, roughly, t, ~ B^^T^''^^no in nondegenerate regime and Tj ~ B^^T'-'n'^^^ in degen- 
erate regime. The longitudinal-optical-phonon scattering is only important at high temperature ksT > (x)lo/4 (wlo 
is longitudinal-optical-phonon frequency). For example, in GaAs the longitudinal-optical-phonon scattering is im- 
portant only at r > 100 K. The temperature and density dependences of longitudinal-optical-phonon scattering are 
complex. Roughly, the longitudinal-optical-phonon scattering rate increases with temperature but varies weakly with 
densitvF^ 

We first review experimental works. Let us start with tempera ture dependence of spin lifeti me. Sp in Ufetim e 



InSb [iSlillisl, InP ^5^, ZnSe |555], ZnO fssei CdTe f524l] and HgCdTe l557l 



empe 

was me asured a s func tion of temperature in G aAs |[ 4t l371ll52dl543ll . GaSb Il54' 



54811 ■ InAs 1549M552I1 . 



was found to decrease 

with increasing temperature at high temperature (nondegenerate regime) in all these works [e.g., see Fig. |4l0 This 
is consistent with the discussion in above paragraph: ~ r^^/^ for ionized-impurity scattering. For longitudinal- 
optical-phonon scattering, as ' varies slower than 1 / (e^) ~ T^^, t, still decreases with temperature. It was observed 
that at high density in degenerate regime the spin lifetime varies slowly with temperature 1544, ,5551 l560ll . This is 
understood as that in degenerate regime the ionized-impurity scattering and longitudinal-optical-phonon scattering 
times as well as (sk) vary slowly with temperature [see Eq. (I93]l1. 

The magnetic field dependence of spin lifetime was studied in GaAs [0, l517 , 561 ] and GaN 1 255 , 545 1 . As 
indicated in Sec. 3.2.2, spin lifetime due to the D'yakonov-Perel' mechanism increases with increasing magnetic 
field. On the other hand, spin lifetime due to the ^-tensor inhomogeneity mechanism decreases with increasing 
magnetic field. These two mechanisms compete with each other, hence spin lifetime first increases then decreases 



with increasing magnetic field II374I1 . The peak magnetic field Bp roughly satisfies a {s^jEg ^ {^^BpYig^ - g ).ln 



In fact, electron-electron scattering plays important role in the D'yakonov-Perel' spin relaxation in n-type bulk III-V semiconductors, as was 
shown by Jiang and Wu in Ref. 1 1 10]. 

''Dyson and Ridley calculated the longitudinal-optical-phonon scattering time for nondegenerate electron system. They found that in nondegen- 
erate regime the longitudinal-optical-phonon scattering rate increases with electron energy and temperature t542i1. 

''"At low temperature the system may be insulating where spin relaxation is governed by localized electrons l324ll55j^ . 
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Figure 4: Temperature dependence of spin lifetime for bulk n-GaAs at 
6 = and B = 4 T with doping density no = lO'* cm"^^. The dotted and 
dashed curves represent the calculated D'yakonov-Perel' (DP) and Elliott- 
Yafet (EY) spin lifetimes respectively. From Kikkawa and Awschalom 
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Figure 5: Magnetic field B dependence of ensemble spin dephasing time 
r| for bulk GaAs at various doping density at temperature T = 5 K. 
Experimental data from Kikkawa and Awschalom 3l(re-plotted by Zutic 
et al. (H). 
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Figure 6: Mobility dependence of spin relaxation rate in 
bulk n-GaAs at temperature T = 77 K. Experimental re- 
sults are represented by dots. Solid lines: calculation from 
l/^i = Ql'''p<^^(kBT)^ I Eg with Qi = 3 (scattering by 
phonons, upper straight line) and Qi = 1.5 (scattering by 
ionized impurities, lower straight line). Triangles: calcu- 
lation with 1/Tj = QiTpa^iksT)^ /Eg using r,, measured 
from spin-relaxation suppression in Faraday geometry, as- 
suming scattering by phonons (V), and ionized impurities 
(A). Inset: Density dependence of the spin relaxation rate 
(s. r. rate). Nj and N^, denote the donor and acceptor den- 
sities respectively. Data point (o) is taken from Ref. 01 
at r = 100 K . Sol id curve is a guide to the eyes. From 
Dzhioev et al. I37lll. 



III-V and II- VI bulk semiconductors the electron ^-factor is energy-dependent g - gc + Psy, hence {g^ - g^) ~ (e^). 
Therefore, the peak magnetic field Bp ~ (sk) which increases with the average energy. Typical experimental results 
are shown in Fig. |5] It is seen that for the undoped sample the spin hfetime first increases and then decreases with 
increasing magnetic field. For B > 1 T, at low density the spin lifetime decreases with magnetic field whereas at high 
density it increases with magn etic fi eld. This is easily understood since (sk) is larger at high density, the peak Bp 
moves to higher magnetic field 07411 . 

The variation of spin lifetime with mobility has been investigated in GaAs and InAs (ssd] at zero magnetic 
field0 In GaAs, the spin relaxation rate was found to increase with mobility, which is consistent with the D'yakonov- 
Perel' mechanism. However, the simple formula, e.g., Eq. (l63T l in Sec. 3.2.2, can not explain the results quahtatively 
1137 in (see Fig.|6]l. Momentum scattering that does not co ntribute to mobility was suggested to be responsible for the 
smaller spin relaxation rate at high mobility regime 137111 . 

The photo-excitation density dependence of spin lifetime was investigated in n-type GaAs fl l562l l563ll . GaSb 

lHHand InAs (55^. ] n all these measurements, the spin lifetime was found to decrease with excitation density in n- 
doped samples. The decrease was unexplained in some works IA ,56Z1 or was assigned to the Elhott-Yafet mechanism 



The magnetic field is always zero in this subsection unless otherwise specified. 
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1 552 1. Other works explained the decrease as a resuh of thermaUzation of the electron system via photo-excitation 



1 54411 ■ The decrease of spin lifetime may be due to the increase of (e^) as the electron density increases. However, the 



thermalization effect may also play an important rolecfj 

The doping density dependence was studied in GaAs and InAs ll549tl . In all these works spin relaxation 

time was foun d to d ecrease with doping density in degenerate regime. There is few data in the nondegenerate regime 
up till now li4l l549ll . The decrease of spin lifetime in degenerate regime is understood as following: in degenerate 
regime the ionized-impurity scattering time and longitudinal-optical-phonon scattering time vary slowly with density. 



whereas (e^) ~ increases with density. Therefore the spin lif etime t. 



}/((^k^Tp) d ecrea ses with density. 



56811 and GaN 1154811 . Usually, spin lifetime 
56711 . This is because the electric field 



Electric field dependence was studied in GaAs 115271 156711 . ZnO 
decreases with increasing electric field in metallic regime in GaAs |152 
induces electron drift and the hot-electron effect which increase the average electron energy and then enhance the 
D'yakonov-Perel' s pin r elaxation IJ lOil . However, the hot-electron effect also gives rise to the enhancement of mo- 
mentum scattering I 569tl whic h leads to the suppression of the D'yakonov-Perel' spin relaxation. These two effects 
compete with each other ll569ll . It was found that in the case of cubic- k spin-orb it coupling, the former effect domi- 
nates because the spin lifetim e var i es ra pidly with the electron energy 1 1 id 5700 . The spin lifetime hence decreases 



with increasing electric field 1 1 lOl 570ll . This is the case for bulk GaAs. The situation is more complicated in the 
case of linear-k spin-orbit coupling: the spin lifetime first increases due to the enhancement of momentum scattering 
then decreases due to the increases of electron energy 1569,1 . This is the case for bulk wurzite ZnO where Ghosh 



et al. observed that the spin lifetime first increases then decreases with increasi ng e lectric field | 5 68 []. Usuallv the 
effect of electric field on spin relaxation is more pronounced at low temperature f 11 0", '372', '527*, 548, 568]. The spin 
lifetime can also be reduced by applying strain which induces additional spin-orbit coupling 1 144. 145, 571. ,572]. It 
was found that l/r , ~ e^, where e is the applied stress i572ll when the strain-induced spin-orbit coupling dominates. 
Under strain field the temperature and density dependence of spin relaxation becomes weaker as the strain-induced 
spin- orbit coupling is linear in k [see Eq. ^]. It is also found that the spin relaxation can be anisotropic under strain 
|57l- 

In wurzite GaN and ZnO, the spin-orbit coupling is different from that in zinc -blende semiconductors. The spin- 
orbit coupling in conduction band reads 



with 



= [n*(k) + af (k)] ■ (t/2 



n^(k) = 2a,{ky, -k„ 0), nf (k) = 2y,(bk^ - khiky, -k„ 0). 



(95) 



(96) 



It is seen that the symmetry of the spin-orbit coupling is quite different from that of the DresseUiaus one. Unlike in 
bulk GaAs, electron spin relaxation in bulk GaN is anisotropic. Lifetime of spins along [0001] direction i s sm aller 
than those along other directions. The anisotropy of spin relaxation was demonstrated in recent experiment 1125 511 . 

Spin lifetime T j at room temperature is also of concern due to in terest in possi ble device application. It was 
measured in GaAs ll54ll57l with Ts in the range of 15-1 10 ps, in InAs 1155211574 157511 with Tj in the range of 2-24 ps 
and in InSb i55lll553[l558ll with in the range of 2-300 ps depending on the doping density. 

We now review the single-particle theory on electron spin relaxation in n-type bulk III- V and II- VI semiconductors. 
Besides the early works in 1970s and early 1980s, which have been summerized in the book "Optical Orient ation " 
Jstl, there are also a lot of theoretical studies in the past decade after the rising of the semiconductor spintronics [576t]. 
These studies try to go beyond t he w idely used formulae for the D'yakonov-Perel' [Eqs. ( |62] | and i63[ ] and Elliott- 
Yafet [Eq. (l53b ] spin relaxation ll 1711 . These developments go in the same paradigm: calculate spin-orbit coupling 
and scattering via microscopic theory and then average the spin relaxation rate at different k as 



jdk(fl-fl)T-\k) 



(97) 



''-The thermalization effect was shown to be crucial in a recent fully microscopic calculation |564||. This is also supported by the experimental 
results that the spin lifetime was observed to decrease with photon energy of the pump laser 1.543.., 56a.l566ll . 
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The spin relaxation rate at different k, ' (k), due to the D'yakonov-PereF mechanism is given in Eq. dSSl ). while that 
due to the Elhott-Yafet mechanism is given by 



T;'(k) 



2[r(kT,k' i) + r(k i,k' T)], 



(98) 



with r(k t, k' i) and r(k i, k' t) denoting the spin-flip scattering rates. Such a paradigm was first applied to n- 
type bulk GaAs, InAs and GaSb by Lau et al. where the spin-orbit coupling was calculated via the fourteen-band 
k ■ p theory |577]. The momentum scattering rates due to the electron-impurity and electron-phonon scattering were 
calculated via standard methods in transport theory. Similar schemes were then applied to bulk GaAs and GaN by 
Krish namurthy et al. [578]. Later the scheme was developed to the case of arbitrary band structure by Yu et al. 
1 209 1 ^ The role of scattering by dislocations in both the D'yakonov-Perel' and Elliott- Yafet spin relaxation was 
studied by Jena within such scheme ^579^. A systematic study on spin relaxation in III-V semiconductors based on 
such paradigm was given by Song and Kim [108J . However, in their work the Boltzmann statistics was assumed 
which makes the discussion at low temperature and/or hi gh density meaningless. The Elliott- Yafet spin relaxation 
due to the electron-electron scattering was studied in Refs. ^58dl581ll within such paradigm. Recently spin relaxation 
in ZnO due to the D'yakonov-Perel' and Elliot t- Yaf et mechanisms was also studied in such paradigm i559ll . An 
improvement of the paradigm was given in Ref. ll582ll . In that work, it was argued that the strong scattering condition 
<f2(k))Tp « 1 may not be satisfied for large k as both (Q(k)) and Tp increase with k. Hence the spin relaxation rate 
should be modified to include the free induction decay as 1,5821 



r'sik) 



Ts(Ek) ■ 



as] 



3/2 



(99) 



Spin relaxation rate of the electron ensemble is then obtained by averaging over k via Eq. ( |97] i. A closer examination 
on the D'yakonov-Perel' spi n rela xation due to the electron-longitudinal-optical-phonon scattering from the equation 
of motion was given in Ref. ll542ll . where it was shown that the elastic scattering approximation can have problem in 
treating the longitudinal-optical-phonon scattering to spin relaxation. The effect of the electron-longitudinal-optical- 
phonon scattering on the D'yakonov-Perel' spin relaxation may not be characterized by a single momentum scattering 
time used in the paradigm. Spin rel axatio n due to the D'yakonov-Perel' mechanism under electric field was studied 
via the Monte Carlo method in Ref. |583|, where spin lifetime was found to decrease with the electric field. 



4.2.2. Electron spin relaxation in intrinsic bulk III-V and II-VI semiconductors 

In intrinsic semiconductors electrons are generated together with equall number of holes by photo excitation. Due 
to the large number of ho les, the Bir-Aronov-Pikus mechanism is now relevant to the spin relaxation. As have been 
pointed out in Ref. jl lOll that the Elliott- Yafet mechanism is unimportant in intrinsic III-V semiconductors. Similar 
conclusion should also hold for II-VI semiconductors. Hence, the relevant spin relaxation mechanisms are the Bir- 
Aronov-Pikus and the D'yakonov-Perel' mechanisms. It was debated about t he relative importance of these two 
mechanisms in intrinsic III-V and II-VI semiconductors |21, 390l 392 , 584 - 586 1. Single-particle theory based on the 
elastic scattering approximation comes to the conclusion that spin r elaxa tion due to the Bir-Aronov-Pikus mechanism 
can b e more important at low temperature and high hole density ll390ll . However, as pointed out by Zhou and Wu 
IIIO9II . the Pauli blocking of electrons at low temperature and/or high hole density l argely reduces the Bir-Aronov- 
Pikus spin relaxation from a fully microscopic kinetic spin Bloch equation approach ll44ll334ll350ll . After that Jiang 
and Wu showed that in intrinsic bulk III-V semiconductors the Bir-Aronov-Pikus mechanism is unimportant via the 
same approach ill lOll . where similar conclusion should also hold for II-VI semiconductors. Therefore, the relevant 
spin relaxation mechanism is the D'yakonov-Perel' mechanism. Spin relaxation in intrinsic bulk III-V and II-VI 
semiconductors can then be understood easily. 



Exper imental studies on spin re laxation in intr insic semiconductors involve temperature dependence 112291 1582 , 
l587[ l588ll and density dependence ll566l l582 , 585 ] . The temperature dependence coincides with what predicted by 



'''in this work, the approach that the authors used to calculate hole spin relaxation rate seems to have some problem, as they concluded that the 
hole spin relaxation is dominated by the Elliott- Yafet mechanism which is not true. 

38 



theory: spin lifetime varies slowly in degenerate regime and then decreases rapidly in nondegenerate regime with 
increasing temperature. The density dependence, however, indicates an interesting behavior: spin lifetime increases 
with electron density [5821 . This is tot ally d ifferent from what observed in n-type semiconductors where spin lifetime 
decreases with electron density ffl [39I ISTlll . However, in intrinsic semiconductors, the main scattering mechanisms 
are the carrier-carrier scattering and the longitudinal-optical-phonon scattering, which makes spin relaxation difficult 
to u nderstand via the single-particle theory. From the many-body kinetic spin Bloch equation approach [44. ,334l 
I350I1 . Jiang and Wu found a nonmonotonic density dependence of spin lifetime due to the nonmonotonic density 
dependence of the carrier-carrier scattering rate: in nondegenerate regime the carrier-carrier scattering rate increases 
with increasing density whereas in degenerate regime it decreases with increasing density 1 1 10]. After their prediction 
Teng et al. o bserv ed in intrinsic bulk GaAs that at high excitation density (n^. > lO'^ cm"^) spin lifetime decreases 



with density 115 8511 . However, Teng et al. assigned the decrease of spin lifetime to the Bir-Aronov-Pikus mechanism 
which is wrong (see comment 1 589 1). Later Ma et al. observed such a nonmonotonic density dependence of spin 
Ufetime in bulk CdTe |!56^0 

4.2.3. Electron spin relaxation in n-type and intrinsic III-V and II-VI semiconductor two-dimensional structures 

As was found in n-type and intrinsic bulk III-V and II-VI semiconductors that spin relaxation is dominated by 
the D'yakonov-PereF mechanism, it is reasonable to believe that the same conclusion holds for the two-dimensional 
case. Indeed, calcul ations showed that the Elliott- Yafet mechanism is unimportant in GaAs and InGaAs quantum 
wells 1 111 , 591, 592 1 ^ Fully microscopic many-body kinetic spin Bloch equation calculation indicated that the Bir- 



Aronov-Pikus mechanism is ineffective in intrinsic GaAs quantum wells These evidences enable us to focus 

on spin relaxation due to the D'yakonov-Perel' mechanism. 
Anisotropic spin relaxation 

One of the salient features of the D'yakonov-Perel' spin relaxation in two-dimensional structures (quantum wells 
and heterostructures) is that it varies significantly with the growth direction and the structure. The former originates 
from tailoring the symmetry of the Dresselhaus spin-orbit coupling by the growth direction. The latter partly comes 
from the fact that the strength of the linear Dresselhaus term can be tuned by quantum confinement. Moreover, the 
Rashba spin-orbit coupling also appears in asymmetric two-dimensional structures. The joint effect of the Dressel- 
haus and the Rashba spin-orbit couplings leads to anisotropic spin relaxation. The strength of the Rashba spin-orbit 
coupling can be controlled by the gate voltage. The tunability of spin relaxation opens route to a variety of new 
phenomena and functionalities li22[l596ll. 

Let us start with the spin-orbit coupling which is crucial to the D'yakonov-Perel' spin relaxation. Assuming that 
the confinement is strong enough so that only the lowest subband is involved. Consider a simple case: (001) quantum 
well, where the Dresselhaus spin-orbit coupling is 

Hd = Poi-kxO-x + kyo-y) + yDik,k],cr_, - kyklo-y). (100) 

ySo = Td{'AiI^j|i/'i) where if)i is the envelope function of the lowest subband and L = -idr. /3d ~ joi^lcif' with a 
being the well width. The Rashba spin-orbit coupling reads 

Hr = URikyO-^ - ky,a-y) . (101) 

For narrow quantum well when <K (n/a)^ [k = (k^, ky) is the in-plane wavevector], the linear term dominates 

Hsoc = (auky - /3Dk,)cr^ -H (-cr^.i- H-j0£.^y)cry. (102) 



They, however, assigned the decrease of the spin lifetime with increasing density to the Elliott- Yafet mechanism, which is incorrect (see 
comment | 590]). 

''^In narrow bandgap semiconductor InSb quantum wells, experiment gives some evidences that the Elliott- Yafet spin relaxation can be more 
important than the D'yakonov-Perel' one at low mobility samples as revealed by Litvinenko et al. in Ref. | 593]. Nevertheless, the two mechanisms 
are still comparable in their experiment. 

'"However, in some wide bandgap semiconductors which have weak spin-orbit coupling and strong electron-hole exchange interaction, the 
Bir-Aronov-Pikus mechanism can be important in intrinsic samples, especially when excitons are formed. Such as the situation in ZnSe I 594ll . 
Also in some special cases where the D'y akono v-Perel' mechanism is suppressed, the Bir-Aronov-Pikus or the Elliott- Yafet mechanisms may be 
important, such as in (110) quantum wells l595ll . We will return to these special cases after the discussion in common cases. 
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It was first pointed out by Averkiev and Golub lll94ll that the spin relaxation is anisotropic when the Rashba and 



DresseUiaus spin-orbit couplings compete with each other The spin relaxation tensor is then 

T-' = 2r;i = 2t„' = 8m<T^,ek)(ff^ + PI), t^^ = -8m<r^ek>ff«^D. (103) 

DiagonaUzing the spin relaxation tensor, one obtains 

= 8m<T,,£k>(4 = AmiTpEidiaR+PD?, (104) 

where the principal axes are ii± = -^(1, ±1, 0) and z-axis. It is meaningful to rewrite the spin-orbit coupling in these 
principal axis, 

Hsoc = {aR-l3D)Kcr- - {ur +PD)k-cr+. (105) 



Recall that rrj ~ [Q^jj - 0.^0. j]. As averaging over angle kj^k- — and kj^ — k_, one readily finds that 1/t-i-i- 
(aR-Pof, I It- ~ {aR+Pof, 1/t+- = and l/r,, ~ 2(4 ). If = Po («« = -Pd\ 1/t++ = (1/t__ = 0), i.e., 
spin lifetime is infinite along n+ (n_). However, taking into account of the cubic Dresselhaus term, spin lifetime along 
this particular direction is finite but st ill much l arger than that along other directions [597]. Therefore spin relaxation 
is highly anisotropy when ur ^ +Pd 



Experimentally as only the spin polarization along the quantum well growth direction can be measured^ spin 
relaxation anisotropy is revealed indirectly by comparing spin relaxation rates along z direction in the two cases 
with magnetic field along [110] and [110] directions. When a moderate magnetic field is along [110] direction, spin 
polarization along the growth dkection evolves 

S,{t) = S,{0) exp[-i(T;,' + T:i)f] cos(wof + <Po). (106) 

The observed envelope decay rate is ^(t^,' + rli). Applying magnetic field along [1 10] direction, one obtains a decay 

rate of Mj':} + t^\). Comparing these two, one can obtain spin lifetimes r++ and r and the ratio \aRlP£,\ can be 

extractedCj The spin relaxation anisotropy in (001) quantum wells was first observed by Averkiev et al. U98i] via 
the Hanle measurements, and then by several groups via time-resolved measurements ll66l.ll99l 15981 l599ll . Among 
these works, the spin relaxation anisotropy was demonstrated to b e co ntrolled/affected by density 159811 . magnetic 
field il99 tl. gate-voltage (see Fig.|7]i [ 599u600,l and temperature [66[ |598ll . The symmetry of the spin-orbit coupling in 
other two-dimensional structures with different growth directions also has marked effect on spin relaxation. In some 
particular cases, such as (1 1 1) and (110) quantum wells, spin relaxation can be largely suppressed. As there are also a 
lot of papers on those topics, we will discuss them in detail later while below we only focus on (001) quantum wells. 
Spin relaxation in (001) quantum wells 

Widely concerned topics are the temperature, density, mobility, excitation density, magnetic field, gate-voltage 
and quantum subband quantization energy dependences of spin relaxation. These dependences reveal intriguing un- 
derlying physics and provide important knowledges for spintronic device design. Below we first review experimental 
studies and then the single-particle theories. To benefite the understandin g, we first present some simple analytical 
results which assume only elastic scattering in the strong scattering regime 119611 

t;1 = 4([f i(4 +pl)k^ + f3rD^Vl6]) , = 2 ([f i(a« +PDfk' + f,ylk^/l6]) , (107) 

Here t, (; = z, +, -) denotes the relaxation time of the spin component along / direction and (...) represents the average 
defined by Eq. ( |97] ). Pd - Pd- jJo^^- It is noted that when the linear spin-orbit coupling dominates, the spin lifetime 
varies as l/{TpS\i} which changes with temperature and density slowly. However, when the cubic term becomes 
important, the spin lifetime can vary as l/(T^e^) or l/{TpE^}. In the latter case, spin relaxation varies rapidly with 
density and temperature. 

• Tem perature dependence. I n experiments, the temperature dependence was measured in metallic regime in 



Refs. 11661 13671 15911 15931 160 11 - 160411 . In heavily-doped (low mobility) quantum wells, spin lifetime decreases with 



Note that a recently developed technique of tomographic Kerr rotation can measure spin polarizatio n in o ther directions [50] 
Actually, via such method, one can determine the ratio but not sure whether it is {an/fiol or ^o/ff^l Il91 
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Figure 7: Polar plot of the spin dephasing time measured as a function of the angle (in degree) between the magnetic field and the [110] axis at four 
appHed biases U in coupled double quantum wells. The spin dephasing time at each angle is represented by the distance to the center of the polar 
coordinates. Experimental data are shown by points; theoretical values are presented by solid curves. The ratio of the Rashba spin-orbit coupling 
parameter a to the Dresselhaus one /?, alp, extracted from the anisotropy of spin dephasing time is also presented in each figure. The values A£ 
represent the exciton Stark shifts for the given biases U . Temperature is T = 2 K. From Laiionov and Golub [599.1 . 



increasing temperature. A good example is the experiment of Ohno et al. 160211 [Fig.[8l. In heavily-doped quantum 
wells, the momentum scattering is dominated by the electron-impurity scattering except that at high temperature the 
electron-longitudinal-optical-phonon scattering may become more important. When the electron-impurity scattering 
dominates, as both Tp and (ek) increase with temperature, spin lifetime decreases with increasing temperature rapidly. 
At high temperature the rise of electron-longitudinal-optical-phonon scattering slows down the decrease or even leads 
to an increase of the spin lifetime with increasing temperature. 

In undoped quantum wells, Malinowski et al. ll603[l presented a systematic study on electron spin relaxation. The 
main results are shown in Fig. |9] It is seen that the temperature dependence of spin relaxation rate varies largely 
with quantum well width. At small well width, spin relaxation rate changes slowly with temperature, whereas at 
large well width, it increases rapidly with temperature. The temperature dependence can be fitted roughly as ~ r" 
for narrow quantum well and ~ for wide quantum well. The authors explained that as the longitudinal-optical- 
phonon scattering dominates at high temperature for undoped quantum wells, roughly Tp ~ T ' 1 178]. For narrow 
quantum wells, spin relaxation rate tj' ~ T"p(ek) ~ T'^, whereas for wide quantum wells t^' ~ Tp(e^) ~ T^. It is 
noted that in the wide quantum well, the increase of spin relaxation rate is still slower than that in bulk samples at 
low temperature, which indicates the crossover of the leading spin-orbit coupling from linear term to cubic term with 
increasing temperature. 

In high mobility two-dimensional electron system at sufficiently low temperature the momentum scattering can 
be very weak. In this situation, the D' yakonov- PereF spin relaxation is in the weak scattering regime where spin 



polarization shows precessional decay 11367 136811 . Brand et al. observed the transition from the precessional decay 
regime to the motional-narrowing regime 368ll . As spin lifetime changes from Tj ~ t^' in motional-narrowing 
regime to t, ~ Tp in precessional decay regime, the temperature dependence of spin life time has a turning point 
around the transitional This was observed in experiment by Leyland et al. (see Fig. [TOl l ll367ll . Several works on 
temperature dependence of spin relaxation in high mobility two-dimensional electron system revealed the importance 
of the electron-electron scattering to spin relaxation 1,367> ,59 L .604. .605.1 . This important issue will be reviewed in the 



Such behavior also exists in hole spin relaxation in Si/Ge quantum wells as reported by Zhang and Wu in Ref. l299ll . 
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Figure 9: Temperature dependence of spin relaxation rate for 
Figure 8: Temperature T dependence of electron spin relaxation undoped (001) GaAs/AlGaAs quantum wells with vaiious well 

time T, for n-doped (001) GaAs/AlGaAs quantum wells with well widths. 0: well width 6 nm; •: well width 10 nm; □: well width 

width 7.5 nm. Electron density is 4 X lO'" cm"- in each quantum 15 nm; ▼: well width 20 nm. Solid curve is a fit with 1/Tj ~ T- 

well. Dotted curve is the calculated result of spin lifeti me based dependence. Dashed curve represents the data in intrinsic bulk 

on the D'yakonov-Perel' theory. From Ohno et al. I602ll . GaAs by Maruschak et al. (as reproduced in Ref. |3]). From Ma- 

linowski et al. L603i1 . 



framework of the many -body theory in Section 5. 

• Excitation density dependence. Excitation density dependence of spin relaxation was investigated in Refs. 16€ 

l514 . 606-612]. Interestingly, it was discover ed th at the spin lifetime decreases with excitation density at low tem- 
perature in n-doped quantum wells ll66i l608l l610tl . At room temperature in undoped quantum wells, Aleksiejunas 
et al. found that at low density spin lifetime increases with excitation density whereas at high density it decreases 
(see Fig. [TTTi |607]. Moreover, Teng et al. observed a peak in density dependence at room temperature in undoped 
quantum well i609ll . As in intrinsic quantum wells the dominant scatterings are the many -body electron-electron and 
electron-hole Coulomb scatterings, the results can not be explained in the framework of single-particle approach. Nev- 
ertheless, many-body theories have revealed the underlying physics: the electron-electron and electron-hole Coulomb 
scatterings i ncrease with density in nondegenerate (low density) regime, whereas decrease in degenerate (high den- 
sity) regime liioiliiilllill 161311 . The nonmonotonic density dependence of these many-body carrier-carrier Coulomb 
scattering results in the nonmonotonic density dependence of spin lifetime 1 1 10, 111, 299, 6130. 



• Mobility dependence. Spin lifetime as function of mobility ju (oc Tp) was studied in Refs. 116071161411 at room 
temperature where the qualitative relation r, ~ jU ' was observed which signals the D'yakonov-Perel' spin relaxation 
mechanism. However, Brand et al. found that in high mobility two-dimensional electron system at low temperature 
(T < 100 K), spin lifetime deviates from Tj ~ // ' largely l368ll . Electron-electron scattering is proved to be the 
key to understand the observed results^ In high mobility two-dimensional electron system at low temperature, 
the electron-electron scattering is the dominant scattering as other scatterings (the electron-impurity and electron- 
phonon scatterings) are weak. As it randomizes the momentum, the electron-electron scattering also contributes to 
the D'yakonov-Perel' spin relaxation. However, since the electron-electron scattering does not contribute to mobility, 
Tj ~ jU"' does not hold anymore. The total momentum scattering time with the electron-electron scattering included, 
Tp, is then much smaller than that deduced from mobility, Tp (see Fig. \T% . At room temperature, the electron- 
longitudinal-optic al-phonon scattering becomes the strongest momentum scattering which also limits the mobility, 
hence the relation Tj ~ is recovered. 

• Qu antum well width dependenc e. The quantum well width dependence of spin relaxation was investigated 
in Refs. 1 592 , 602 , 603 , 614, 616l - 619ll . All these studies were performed at room temperature in nondegenerate 
regime. In this regime, by neglecting the cubic Dresselhaus term and the Rashba term and assuming infinite well 



'This was first predicted theoretically by Wu and Ning |332L|334|| and later by Glazov and Ivchenko l615ll . 
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Figure 10: Temperature dependence of spin lifetime for sample (a) (well width 20 nm, electron density 1.8 X lO" cm"^) and (b) (well width 
10 nm, electron density 3.1 X lO" cm"-). The curves are guides for the eyes. Open circles and squares are spin-lifetimes measured in the high 
temperature regime where spin evolution is exponential. Solid symbols are values of (|n(i:f )pT*)"' (denoted in the figure as ((n-)T*)"') (n(<:f ) is 
obtained from analysis of the spin evolution in the low-temperature oscillatory regime, r* is the momentum scattering time including the electron- 
electron scattering.). Open triangles are the decay time constant of the oscillatory spin evolution, tg, obtained by fitting the experimental data with 
oscillatory exponential decay Sy(t) = Sp exp (-f// o) cosiait + </>). Arrows indicate the value of \D.(kf )\^' for each sample, corresponding to the 
condition \D.{kf )\Tp ^ 1. From Leyland et al. l367ll . 
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Figure 11: Excitat ion d ensity dependence of spin lifetime Tj in undoped (001) InGaAs multiple quantum wells at room temperature. From 
Aleksiejunas et al. |607|| . 



depth, spin lifetime is given by i369ll Tj = Eg/(2a^E^^kBTTp) with a = Ijo -^j^mlEg and being the electron 
subband quantization energy. It hence gives Tj ~ E^^. Most experimental data roug hly a gree with the relation. For 



example, Tackeuchi et al. fitted Tj ~ for multiple GaAs/Al GaA s quantum well 161611. However, there are some 
situations where results deviate largely from the above relation il614ll . Britton et al. reported that for small Ei^, the 
relation is largely deviated whereas for large Eie, the sp in lifetime generally shows the quadratic behavior [618]. A 
similar result was obtained by Malinowski et al. 160311 which is shown in Fig. [13] It is seen that for medium Ei,,, 
the relation agrees well with experimental result. At small Ei^ as the cubic Dresselhaus spin-orbit coupling plays 
important role, the relation deviates from the data. At large Ei^ as the wavefunction penetration is unnegligible and 
the infinite-depth-well assumption no longer holds, the relation also deviates from experimental result. 

• Magnetic field dependence . Spin lifetirn e has also been measured as function of magnetic field in quantum 
wells in metallic regime in Refs. f66[ [l99[l326il525[l620[ 162111 . There are two special configurations of magnetic 
field: one that the magnetic field lies in the quantum well plane (the Voigt configuration) and the other that magnetic 
field is perpendicular to the well plane (the Faraday configuration). In the Voigt configuration, the orbital eff'ect of 
magnetic field is negligible. In this case the magnetic field has two consequences on spin relaxation: first it mixes 



43 



0.1 



1 10 100 

Temperature (K) 



Figure 12: Momentum scattering time t* (the total momentum 
scattering including the electron-electron scattering) and r,, (the 
momentum scattering time extracted from mobility) as function 
of temperature. The electron density is 1.9 X lO" cm"-. Dotted 
curve is a guide to the eyes for Tp. Dashed curve represents an 
empirical fit of electron-electron scattering time as ~ T"' at high 
temperature. Solid curve sums these two contributions ( 1 /Tp and 
the electron-electron scattering rate) as a guide curve to t* . The 
data points of r* is obtained from Monte Carlo simulation of spin 
evolution. From Brand et al. l368ll. 



I 04 H 

^0.02 



20 



40 60 80 lOa 120 1 
Ele (tneV) 



Figure 13: Spin relaxation rate as function of the subband quan- 
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, ' = a + hEj^ . From Malinowski et al. 



the in-plane and out-of -plane spin relaxations due to the Larmor precession; second the Larmor spin precession slows 
down spin relaxation by a factor of (1 -fw^T^,). In usual condition w^Ty, < 0.1 (e.g., Z?=2 T and = 1 ps in GaAs yield 
ciJiTp = 0.05), thus the second effect is weak. The first effect is usually more important as the in-plane and out-of-plane 
spin lifetimes differ largely. The effect of mixing saturates soon at a low magnetic field around 0. 1 T. This is consistent 
with experiments: the magnetic field depe ndenc e is usually more pronounced at low field 166. .199. 6201. whereas at 
high field the dependence becomes weak i525ll . In asymmetric quantum wells the in-plane s pin relaxa t ion can b e 
quite anisotropic. In this case the effect of magnetic field depends largely on its direction f66, 198 , [l99[l598[l599l] . 
Interestingly, Stich et al. found that the magnetic field dependence of spin lifetime for B \\ [110] exhibits a minim um 
whereas the magnetic dependence for B \\ [110] shows a maximum for an asymmetric (001) quantum well lll99ll . In 
the Faraday configuration with magnetic field perpendicular to quantum well plane, the orbital effect induces cyclotron 
motion which has an important effect on spin relaxation. As the cyclotron frequency is much larger than the Larmor 
frequency (in GaAs a>c - IQcjl), the cyclotron motion effectively suppresses the spin relaxation. This phenomena 
was observed by Sih et al. in InGaAs/GaAs quantum well (See Fig. [T?b |621]0 At higher magnetic field and low 
temperature, spin lifetime oscillates with magnetic field, as the Landau level filling affects both spin precession and 
momentum scattering. Finally in materials with strong energy dependence of the g-factor (e.g., in narrow band-gap 
semiconductors) at high magnetic field, the g-tensor inhomogeneity mechanism can be important. In InGaAs quantum 
wells, spin rela xatio n was observed to first increase and then decrease with increasing magnetic field for an in-plane 
magnetic field i623[l . The increase is due to the mixing of out-of-plane and in-plane spin relaxations, whereas the 
decrease can be attributed to the g-factor inhomogeneity spin relaxation mechanism. 

• Gate-voltage dependence. The spin relaxation can also be tuned by the gate-voltage 15251 l599ll . The gate- 
voltage may have several consequences on spin relaxation. First it changes electron density. Second it changes the 
Rashba spin-orbit coupling. The modification of the envelope function along the growth direction further changes the 
linear Dresselhaus spin-orbit coupling. Third it may change the mobility. Hence the underlying mechanism for the 
gate-voltage dependence of the spin lifetime is complex. 



Initial spin polarization dependence. Initial spin polarization dependence was studied by Stich et al. |l41 



42 . 326ll where spin relaxation rate decreases with initial spin polarization as predicted by Weng and Wu iH . The 



underlying physics will be reviewed in the next section on the kinetic spin Bloch equation approach 11441 l334i |35C 
where the Coulomb Hartree-Fock term acts as an effective magnetic field in spin precession This effective 

magnetic field is always along spin polarization direction. Reahstic calculations from the kinetic spin Bloch equations 



Also observed in Si/Ge quantum well by Wilamowski and Jantsch |622|| . 
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Figure 14: Up panel: Spin dephasing time r| measured (symbols) as a function of magnetic field B at T = 2 K, 5 K, and 20 K and calculated 
(curves) from a spin relaxation model at 7" = 2 K, 4 K, and 12 K. Down panel: the longitudinal resistivity if „ as a function of B at T = 2 K, 5 
K, and 20 K. Measurement is performed in single ^-modulation doped InGaAs/GaAs quantum well. Also shown a re do tted curves indicating the 
position of B„ for Landau-level index n = 16, 14, 12, 10, 8 and 6 {n labels the filled Landau levels). From Sih et al. l62lll . 



indicated that the induced magnetic field can be as large as tens of Tesla 14411 . Such large longitudinal effective 
magnetic field largely suppresses the spin relaxation. Besides spin rela xatio n, experimentalists also found evidence 
of the effective magnetic field in the sign change of the Kerr rotation ll327ll . Recently the Coulomb Hartree-Fock 
effective magnetic field was again discussed in the issue of spin accumulation ll43[l . 

• Excitation photon energy dependence and others. The excitation photon energy dependence of spin relaxation 
was investigated in Ref. |605] where the energy-dependent momentum scatteri ng time du e to the electron-electron 
scattering was revealed. Spin dynamics in higher subband was studied in Refs. ll624U626ll . indicating the important 
role of inter-subband momentum scattering. Spin dynamics under microwave driving field was discussed in Ref. i627ll . 

• Interface inversion asymmetry induced spin relaxation. The interfac e inversion asy mmetry induced spin- 
orbit coupling and its consequence to spin relaxation were studied in Refs. As was reviewed 
in Section 2.4, in the case where the quantum well and the barrier materials share no common atom, the interface 
inversion asymmetry exhibits even in symmetric quantum wells. The interface inversion asymmetry induced spin- 
orbit coupling is important in narrow quantum wells. By comparing with the case with common atom of the same 
well width, it was discovered that spin relaxation in quantum wells without common atom is always shorter ll219l 



22111617 1. This effect is especially marked in narrow quantum wells. It can not be explained by the D'yakonov-PereF 



theory taking into account only the DresseUiaus spin-orbit coupling |617]. As in [110]-grown quantum well, the 
two interfaces could be symmetric ev en in the case without common atom, which gives a special case without the 
interface-induced spin-orbit coupling ll222ll . By comparing spin relaxation in [110] -grown quantum well and [001]- 
grow n quantum well with same well width, one can also estimate the value of interface-induced spin-orbit coupling 

• Spin relaxation in dilut ed nitride materials. Spin relaxation in diluted nitride materials such as GaAsN and 
InGaAsN was studied in Refs. 116291463 ill . Interestingly, the spin lifetime increases with increasing temperature up to 
room temperature for T > 40 K, but decreases with increasing temperature below 40 K. It was found that less than 1 % 
doping of nitride in GaAs and InGaAs makes the s pin li fetime at room temperature increase by more than one or der o f 
magnitude in as-grown samples before annealing ll629ll . After annealing the spin lifetime is drastically droped 06291]. 
The above unusual behavior indicates that localized electrons bound to nitride dopants play an important role. Even 
for delocalized electrons, scattering with nitride dopants greatly reduces Tp and hence increases the spin lifetime. 



The well width dependence of spin lifetime in narrow quantum wells where the well and barrier materials do not share any common atom (e.g., 
in InGaAs/InP quantum well) may also contain the information of the interface inversion asymmetry l617ll62^ . 
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Annealing improves the crystal quality of diluted nitride material which hence increases the mobility and reduces the 
spin lifetime. Spin lifetime at room temperature as funct ion of subband quantization energy Ei^ gives Tj ~ E^^ in 
unannealed InGaAsN/GaAs multiple quantum wells 1163 ill . 

Single-particle theories for spin relaxation in (001) quantum wells 

We now turn to review the single-particle theory of electron spin relaxation in n-type and intrinsic two-dimensional 
electron system. As in bulk system, the single-particle theory assumes that for all k the strong scattering criteria 
^\Jp 1 is fulfilled. It is also assumed that the carrier-carrier scattering is irrelevant. Within the elastic scattering 
approximation^ spin lifetime for system near the equilibrium (also implying that the spin polarization is very small) 
can be calculated via Eq. (1107b . Such paradigm has been widely applied to study spin relaxation. Often the spin- 
orbit coupling in the two-dimensional structure is calculated via the k • p method within the multiband envelope- 
function approximation together with the Schrodinger-Poisson equation of the heterostructure (see, e.g., Ref. 163 311 ). 
The momentum scattering times are calculated via the formulae developed for calculating the mobility due to the 
electron-impurity and electron-phonon scatterings. It should be mentioned that in heterostructures many factors such 
as structure, doping and gate voltage can affect the spin-orbit coupling. To quantitatively determine the spin lifetime, 
one has to quantitatively determine the spin-orbit coupling. In theoretical calculation, the spin-orbit coupling is 
determined by the multiband envelope-function calculation with realistic structure parameters. In experiments, the 
Rashba and linear Dresselhaus spin-orbit couplings can be determined quantitatively via several methods, such as 
electric-field-induced spin precession 1,64, ,66.1 and current-induced modification of g-factor 163411 . 

A good success of su ch pa radigm is that it well reproduces the subband quantization energy Ei^, dependence of 
the electron spin lifetime [577] which can not be explained by the simple relation of t, ~ E'^'^ from the D'yakonov- 
Kachorovskii theory [see Fig.[T5](b)] . This is due to the fact that this paradigm takes full account of spin-orbit coupling 
via diagonalizing the multiband envelope-function equation. In the same work Lau et al. also demonstrated that their 
calculation achieved better agreement with experiments in the mobility dependence of the spin lifetime compared 
with the D'yakonov-Kachorovskii theory (see Fig.fTSll. They also demonstrated the role of the electron-longitudinal- 
optical-phonon scattering to spin relaxation as function of temperature compared with that of the impurity scattering 
as depicted in Fig. [15] Systematic calculation via such paradigm of various dependences of electron spin lifetime can 
be found in Ref. [633]. 

• Temperature dependence. Th e temperature dependence of the D'yakonov-Perel' spin relaxation was calcu- 
lated within such paradigm in Refs. 15771 1635ll636 h. Kainz et al. attempted to perform a microscopic calculations 
of the temperature-dependent spin-relaxation rates with realistic system parameters [636.1 . By using the parameters 
from experiments, they calc ulated the temperature dependence of spin relaxation time and compared it with the exper- 
imental data by Ohno et al. |'602'l (see Fig. [16]). In their calculation the momentum scattering time was not calculated 
microscopically but inferred from the Hall mobility. They classified three types of scatterings and assumed that the 
Hall mobility is solely limited by each type of scattering. By doing so they obtained three spin lifetimes. Finding that 
the experimental measured spin lifetime falls into the region determined by the three calculated ones, they concluded 
that the calculation agrees with the experiments. By close examination, they found that the electron-ionized-impurity 
scattering dominates at low te mper ature (r < 100 K), whereas the electron-longitudinal-optical-phonon scattering 
dominates at high temperature 163611 . The temperature dependence was found to be more pronounced at low electron 
density 1635. 636.1. 



• Electron density dependence. The electron density dependence of spin relaxation was calculated in Refs. 11195 



1971 l635l - l638ll . At zero temperature (degenerate regime), Golub et al. found that spin relaxation rate increases 



monotonically with electron density 1 1951. Interestingly, Averkiev et al. found that the ratio of spin lifetime t_/t+ [t+ 
(t_) denotes spin lifetime for spin along [110] ([1 10]) direction) has a peak in density dependence: at low density the 
spin r elaxa tion is dominated by 1/t_ whereas at high density 1/t+ becomes more and more important for aR,/3D > 
1 195l 163511 . From Eq. ( 1 1 071 ). one can understand the above results by noting that ySo - Pd - jjok^ can become 



However, it has been found that in high mobility two-dimensional system, electron-electron scattering is the dominant momentum scattering 
to the D'yakonov-Perel' spin relaxation |44, 368, 372]. 

Although most of the single-particle theory is based on the elastic scattering approximation, some works go beyond that. Dyson and Ridley 
developed a method to calculate the momentum scattering time due to electron-longitudinal-optical-phonon scattering beyond the elastic scattering 
approximation. In bulk system, they showed that the elastic scattering approximation may have problem in treating the longitudinal-optical-phonon 
scattering as it is essentially inelastic 15421 . They further applied their method to s tudy the D'yakonov-PereF spin relaxation associated with the 
electron-longitudinal-optical-phonon scattering in quantum wells and wires in Ref. 163211 . 
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Figure 15: Electron-spin lifetime T[ as a function of (a) mobility, (b) subband quantization energy Ei, and (c) temperature, for 75- 
A GaAs/Alo.4Gao.6As multiple quantum wells at room temperature. Dots represent the results of experiment (Ref. |614]). The theoretical results 
with electron-optical-phonon scattering (solid curves) and electron-neutral-impurity scattering (dashed curves) are shown, as well as the results 
from the D'yakonov-Kachorovskii theory (dot-dashed curves). From Lau et al. 157711 . 



negative at large k. Similar results have been obtained in temperature dependence in nondegenerate regime 1163 511 . In 
heteroj unction, both the Rashba spin-orbit coupling and the linear Dresselhaus term depend on the electron density 
as the built-in electric field and the wave-function across the junction vary with electron density, and /3d in 
heterojunction can be estimated as ur ^ aotife^ j {2kq€q) andySo - 7£)[16.57rnee^'w*/(8A:oeo)]', wher e gp r epresents the 



Rashba coefficient, kq is static dielectric constant and eo stands for the vacuum dielectric constant II635I1 . Averkiev et 
al. found that the spin relaxation rate 1/t+ has a minimum in the density dependence due to the cancellation of the 
Rashba and linear Dresselhaus spin-orbit coupling, whereas 1/t_ and 1/tj increase with density monotonically (see 
Fig.fTTli i635ll . At the electron density where 1 /t+ has a minimum, the spin relaxation is highly anisotropic. A more 
careful consideration of the same p roblem w ithin the multiband envelope-function approach was given by Kainz et 
al. for various well width in Refs. lll97[ l636ll where the spin-orbit coupling was treated more carefully. Via similar 
approach the Rashba and Dresselhaus spin-orbit couplings in 5-doped InSb/Alj^Ini_j^Sb asymmetric quantum well 
was calculated in a range of carrier densities [;637.lF^ Based on these results, the density dependence of spin lifetime 
was calculated where a minimum in the density dependence of the in-plane spin relaxation rate was also observed 



063711 . The spin-orbit coupling and the density dependence of spin relaxation time in such quantum wel l we re also 
studied by Li et al. 1 638,1 . where the calculation was compared with the experimental results in Ref. ll593ll . The 
authors also showed from t he ei ght-band k ■ p model that the spin-orbit coupling deviates strongly from the linear-k 
Rashba/Dresselhaus model 

• Gate-voltage dependence. The gate-voltage dependence of spin lifetime for a triangular quantum well defined 
by a structure with an in finite height barrier at left boundary and a constant electric field at right boundary was studied 
by Averkiev et al. [635]. They found that the in-plane spin lifetime t+ has a maximum when the Rashba and linear 
Dresselhaus spin-orbit couplings cancel each other. The gate-volta ge dep endence of the spin-orbit coupling in 5-doped 



InSb/Ini_^Alj:Sb asymmetric quantum well was calculated in Ref. 1163711 . It was also shown in Ref. |I640] that the spin 
lifetimes can be tuned effectively via the electric field along the growth direction. Systematic study on the dependence 
of spin lifetime on t he electric field across the GaAs/AlGaAs quantum well at room temperature was performed by 
Lau and Flatte il46ll . From a 14-band envelope-function approach they calculated the Rashba and Dresselhaus spin- 
orbit couplings as function of electric field for various well widths (see Fig. [TSl l. They further calculated the spin 
lifetime as function of electric field and reported that the electric field effect is important at wide quantum well where 
the subband wavefunction is easily affected by the electric field. Again the spin lifetime along the [110] direction has 
a maximum as function of electric field. For a 7.5 nm quantum well the contribution of the Rashba spin-orbit coupling 
in spin relaxation exceeds that of the Dresselhaus one at 150 kV/cm. For such narrow quantum well, the Dresselhaus 



^'Density dependence of spin splitting in such structure was measured and compared with calculation in Ref. l639ll . 
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Figure 16: (a) Spin-lifetime t- and (b) measured Hall mobility /iHall in experiments as a function of temperature T. In (a) three solid curves 
denote calculation with the mobility attributed to the three types of scattering (labeled as III, II and I in the figure.) The first type of scattering 
(I): phonon scatterings due to the deformation potential, scattering by screened ionized impurities, neutral impurities, alloy and surface roughness; 
The second type of scattering (II): other kinds of phonon scatterings; The third type of scattering (III): scattering by weakly screened ionized 
impurities. The dotted curves refer to the calculation in the degenerate limit (zero temperature) whereas the dashed curves denote the calculation 
in the nondegenerate limite (the Boltzmann statistics). From Kainz et al. 16361 . 



spin-orbit coupling varies little with electric field (up to 200 kV/cm), wherea s the Rashba spin-orbit coupling varies 
linearly with electric field. Similar results were obtained by Yang and Chang f 156']. 

• Nonlinear Rashba spin-orbit coupling to spin relaxation. Usually the multi-band envelope-function calcu- 
lation includes the nonp arabolic e ff'ect in the spin-orbit coupling, e.g., at high energy the Rashba spin-orbit coupling 
deviates from linearity [146, 156]. The nonlinear effect in the Rashba spin-orbit coupling was studied comprehen- 
sively by Yang and Chang [156, 1. They proposed a model to characterize such nonlinear effect where the Rashba 
parameter is substituted by an - y-^r , where ^ is a parameter depending on quantum well structure and material. The 
model fits well with the calculation. The nonlinearity is more pronounced in narrow band-gap semiconductors. Within 
such model the spin relaxation as function of electric field, well width, density and the ratio aRlPo was investigated 
comprehensively [156]. 

• Magnetic field dependence. The magnetic field dependence of the spin relaxati on in two-dimensional system 
with both the Rashba and DresseUiaus spin-orbit couplings was discussed by Glazov 1 377 1 The main results are 



that the spin relaxation tensor given by Eq. (1107b is extended to the case with magnetic field along arbitrary direction. 
A special case is that when the magnetic field is along the growth direction of the two-dimensional structure, where 
Glazov gave 

' + — 7^ (108) 



- = 4fi/t2 

T, 



4 1 +(wz,-3w,)2f2' 



Spin lifetime as function of the direction of magnetic field was discussed and compared with experimental data ll377ll . 
Magnetic field eff'ect on spin relaxation in the weak scatter ing r egime where the scattering frequency is comparable 
with the spin precession frequency was studied by Glazov ll380ll . In such regime, spin polarization shows zero-field 
oscillations due to the spin-orbit field induced spin precession. Glazov found that the magnetic-field-induced cyclotron 
rotation (which also rotates the k-dependent spin-orbit field) leads to fast oscillations of spin polarization around a 
non-zero value and a strong suppression of spin relaxation ll380ll . Recent experiment confirmed such prediction in 
(001) quantum wells and showed that the eifects are absent in (1 10) quantum wells as the spin-orbit field is along the 
growth direction which does not lead to any spin precession [641.1. Spin relaxation in the presence of both electric 
and magnetic fields was discussed theoretically by Bleibaum ll378l [379llF1 In the presence of spin-orbit coupling 



^^Similar study for spin relaxation in Si/Ge quantum well with only the Rashba spin-orbit coupling was given by Tahan et al. [29] 
^'This has been reported earlier by Weng et al. l569ll from the kinetic spin Bloch equation approach (see next section). 
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Figure 17: Spin-relaxation rates l/r+ (solid curves), 1/T; (dashed curves) and l/r_ (dotted curves) as function of electron concentration for 
Boltzmann electron gas in GaAs/AlAs heterostructure at temperature T=(l) 30, (2) 77, (3) 150 and (4) 300 K. From Averkiev et al. Ii635i1 . 



the electric field can induce an effective magnetic field due to electron drifting 1156911 . Spin relaxation is modified by 
such effective magnetic field and the real magnetic field due to the induced spin precession. The above effects are 
in the Markovian limit. Besides, there could emerge non-Markovian spin dynamics under magnetic field. Glazov 
and Sherman considered the case that the spin information can be stored in the closed orbits of cyclotron motion 
and transferred to the open orbits |381]|3 As the closed orbit averaged out the spin-orbit coupling, the electron 
spin lifetime in the closed orbits can be much longer than that in the open orbits. In such a system, the fraction of 
spins in the o pen o rbits soon decays, whereas the fraction of spins in the closed orbits decays slowly exhibiting a 
long-lived tail §81 1^ The decay of the tail is governed by the scattering processes which transfer electrons between 
closed and open orbits 138 111 . Based on a semiclassical model, the spin dynamics under weak/strong scattering and 
weak/strong magnetic-field was discussed ll38lll . Particularly, they showed th at at strong magnetic field B along the 
growth direction, the tail disappears and the spin lifetime is elongated as ~ 138111 . Under high magnetic field in the 
quantum Hall regime, spin relaxation was studied in Refs. ll3 82143 87ll FI It was shown that at z ero temperature with 
filling factor v = 1 , the spin relaxes asymptotically with a power law rather than exponential ll38411 . The spin relaxation 
is sensitive to the filling factor and temperature. Experiments have shown that via tuning the filling factor the effect 
of the hyperfine interaction c an be manipulated [643]. As the magnetic field is high, the g-tensor inhomogeneity 
mechanism can be important ll387ll . In general, spin relaxation in quantum Hall regime is quite different from that 
in the classical regime. The spin-flip electron-phonon scattering plays important role. Besides, the electron-electron 
interaction is crucial to the ground state as well as to spin dynamics |384]. 

• Weak localization effect and others. As in the D'yakonov-PereF mechanism t, ~ I/tj,, the weak localization 
correction to mobility will lead to correction in spin relaxation as well. The weak localization correction to spin 
relaxation was studied in Refs. Ii644n646il . The classical memory effect, which exists when the characteristic scale of 
the disorder are comparable with the mean free path, leads to a non-Markovian spin dynamics w ith n onexponential 
tail ~ 1/f^ for quantum wells with equal Dresselhaus and Rashba spin-orbit coupling strengths |647]. Pershin and 
Privman pr opose d that the D'yakonov-Perel' spin relaxation in two-dimensional system can be suppressed by a lattice 
of antidots ||648 1. 

• Spin relaxation in rolled-up two-dimensional electron gas. Spin dynamics in rolled-up two-dimensional 
electron gas was investigated by Trushin an d Sch liemann [6491. It was shown that the symmetry of spin-orbit coupling 
varies with the radius rolled-up structure ll649ll . At certain radius, spin precession and relaxation of a special spin 



''^The non-Markovian spin dynamics can also emerge in insulating regime, where the nuclear spins stored the historical electron spin information. 
^'As spins in the closed orbits oscillate due to spin-orbi t coupling, the tail also oscillates. 

60t: 



Experimental studies can be found in Refs. 16421164: 
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Figure 18: Left figure: Electric field T (along the growth direction) dependence of electron spin precession vector for a 75 A and a 
150 A GaAs/Gao.6Alo.4As quantum well at 300 K for different energies £ = 10 meV (red soHd curve), 20 meV (green dashed curve), 50 meV 
(blue dot-dashed curve), 80 meV (purple double-dot-dashed curve) and 100 meV (black dotted curve), x-component of the spin precession vector 
induced by the linear Dresselhaus term n'^'^i^l, E) for quantum wells with well width (a) L,i = 75 A and (b) L„. = 150 A. x-component of the 
spin precession vector induced by the Rashba term i{^y(\,E) for (c) L„ = 75 A and (d) L„. = 150 A quantum wells, x-component of the spin 
precession vector induced by the cubic Dresselhaus term n*'^'(l,ii) for (e) L„ = 75 A. .v-component of the spin precession vector induced by 
higher order (cubic) Rashba term Cl''^^{l,E) for (f) L,„ = 75 A (Note that the scale is two orders of magnitude smaller). Right figure: Electric 

field (along the growth direction) dependence of electron spin relaxation time Ti. dephasing time T2 and dephasing rate I/T2 for L^. = 50 A, 
L„, = 75 Aand L„, = 150 A GaAs/Gao.6Alo.4As quantum wells at 300 K with mobility fi = 800 cm^/V s. Note that the relative importance of the 
Dresselhaus (BIA) term and Rashba (SIA) term to spin relaxation as function of the electric field along the growth direction is depicted in (f). From 
Lau and Flatte 1 146,1 . 



component is completely quenched, very similar to that in quantum wells with ur - /3d (consider only the linear-k 
spin-orbit coupling) |649]. 

• Crossover from two-dimension to one-dimension. An interesting problem is that how the spin relaxation 
varies with the channel width of the two-dimensional structure. Th i s pro blem was investigated theoretically first 
by Mal'shukov and Chao |650] and later by Kiselev and Kim 165 ll 165211 . showing that spin relaxation for some 
nonuniform distributed spin polarization and the uniform spin polarization along certain direction (direction of the 
effective magnetic of the linear spin-orbit coupling with k along the unconstrained direction) is suppressed when the 
channel width is smaller than the spin precession length |l 650l - 652 l. Originally, these studies considered only the 
Rashba spin-orbit coupling. Recently Kettemann extended the theory to include the Dresselhaus spin-orbit coupling 



(both linear and cubic terms) 1165311 . After that experimental studies on submicron InGaAs wires observed that spin 
lifetime first increases and then decreases with decreasing channel width (see Fig. [T9ll 1 654 165511 . The suppression 
of spin relaxation was first explained by the theory of Mal'shukov and Chao, which, however, is doubtful as the spin 
polarization distribution created by optical excitation is not of the type pointed out in their work. Detailed theoretical 
examination indicated different explanations |656]. 

• Non-uniform system: Random spin-orbit coupling to spin relaxation. All the above studies are devoted 
to uniform system. For example, the Rashba spin-orbit coupling is considered as Hr = aRicr^ky - a-ykx) where 
ur - aoS, is proportional to a uniform electric field along thegrowth direction. However, in genuine system, such 
electric field can not be uniform due to imperfection. Such imperfection can arise from the the fluctuation during the 
growth, making fi- position-dependent: fi, fiz(r||) with ry = {x,y). Spin relaxation due to th is random Rashba 
spin-orbit coupling can be important when other spin-rel axation sources are ineffective li294 165711 . This was studied 
comprehensively by Sherman and co-workers in Refs. 1294 l65 71 - 165911 . A particular case is the symmetric (110) 
quantum wells, where the average Rashba spin-orbit coupling is zero and the Dresselhaus spin-orbit coupling does not 
lead to any spin relaxation due to symmetry. Glazov and Sherman obtained that under weak and moderate magnetic 
field along the growth directi on at Vc » Id (fc is the cyclotron radius and la is characteristic length of random dopant 
distribution) and aRkxp <K 1 1165 811 . 



4{aR}VTp 
(1 + oj^tI) ' 



(109) 



50 




Figure 19: (a) Faraday rotation (FR) at 5 K for quantum well (open squares) and 750 nm wires patterned along [100] (open circles) and [1 10] (filled 
circles) as function of delay time Af. Black curves are guides to the eyes, and the data are offset for clarity, (b) Width dependence w of spin lifetime 
Tsp for quantum wires patterned along [100] (open circles) and [110] (filled circles). The dotted line depicts the spin lifetime of the unpatterned 
quantum well. Measurements were performed at B = 0. From HoUeitner et al. |654|1 . 



where 6aR - or - (an) is the random Rashba coefficient with (a«) representing the average Rashba coefficient. 
Td = Ici/vk- The Zeeman interaction is ignored as wz, <k oJc- It is seen that both the random and the average spin-orbit 
coupHngs lead to spin relaxation similar to the D'yakonov-PereF mechanism. As cjcTd <K 1 (as » Z^/), the magnetic 
field does not suppress the spin relaxation due to the random Rashba spin-orbit coupling. A simple estimation indicates 
that in asymmetrically doped quantum well, the random spin-orbit coupling leads to a spin relaxation rate two orders 
of magnitude smaller than that due to the averaged one, leading to a spin lifetime of several tens of nanoseconds in 
GaAs quantum wells [294]. The spin relaxation due to the random Rashba spin-orbit coupling may be an important 
source for (110) quantum wells 1660]. At high magnetic field, rc - Id , the spin relaxation exhibits nonexponential tail 
due to the memory effect as spin in closed orbits decays slowly 165811 . 

• Decay of non-uniformly distributed spin polarization. The decay of a standing wave of spin polarization in 
a two-dimensional system with only Rashba spin-orbit coupling was studied by Pershin [36.1 ■ It was found that the 
spin relaxation depends on the period of the standing wave. The coherent spin precession of electrons moving in the 
same direction was shown be responsible for such phenomena. In experiments such standing wave can be generated 
by spin-grating technique [495]. In a series of theoretical [JJ, 20, 32, 34, 338J and experimental [33, 37, 661] works, 
spin relaxation in spin-grating system was studied, where the spin relaxation in such system is essentially related to 



the spin diffusion limited by the D'yakonov-PereF mechanism 1118113211 . The spin relaxation in spin-grating system or 
other nonuniform spin distributions will be reviewed in Section 6 and Sec. 7. 
Spin relaxation in (110) quantum wells: experiments and theories 

We now turn to spin relaxation in two-dimensional structures grown along the [110] direction. The bulk Dressel- 
haus spin-orbit coupling becomes 

Hd = jDii-kl - 2kj + k^,)L, 4kA,k,, k.ikl - 2kj - k^)] ■ (r/2 (110) 

where the three axises are e,; - -^(1,-1,0), e,. = (0,0,-1) and e, - -^(1, 1,0). When only the lowest subband is 
considered, the effective spin-orbit coupling is 

Hsoc = yo [0, 0, k,(kl - 2k] - <E»] ■(tI2 + Hr (111) 

in which {k\) denotes the average over the lowest subband and Hr - aRicrxky-o-ykx) is the Rashba spin-orbit coupling. 
In symmetric two-dimensional structures Hr - 0. It is noted that the effective magnetic field is then along the [110] 
direction for all k. The D'yakonov-PereF spin relaxation for spin polarization along the [110] direction is then absent. 
The question arises that what kind of mechanism is now responsible for spin relaxation along the [110] direction. To 
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explore the problem, Ohno et al. performed a systematic study of the dependence of spin lifetime on the ch aracteristi c 
parameters such as the subband quantization energy, electron mobility and the temperature (see Fig.l20b ll595ll662|] . 
After a careful speculation on the observed dependences of spin relaxation time, they concl uded that the spin relaxation 
in undoped (110) quantum wells is dominated by the Bir-Aronov-Pikus mechanism ll595ll . However, the temperature 
dependence of spin lifetime is anomalous and seems c ontradictory to the Bir-Aronov-Pikus mechanism: the spin 
lifetime increases with increasing temperature 1595116021 . The anomalous increase of spin lifetime with temperature 
can be understood as following: the dissociation of excitons increases with temperature rapi dly w hich reduces the 
electron-hole exchange interaction markedly and suppresses the Bir-Aronov-Pikus mechanism [595] Similar effect 
was also found in ZnSe quantum wells ll594ll . However, the situation in «-doped quantum wells is relatively obscure 
1 59511 . although the observed mobility depen denc e suggests that the Elliott- Yafet mechanism may dominate the spin 
relaxation at room temperature (see Fig.l20b 159511 . 




Figure 20: Left: Spin lifetime t, as well as carrier recombination time in n-doped GaAs (110) and (100) quantum wells as function of electron 
mobility fj at room temperature. Right: Temperature T dependence of spin relaxati on tim e in undoped (1 10) quantum wells. The inset shows 
the excitation intensity 7^" dependence of r , at room temperature. From Ohno et al. l595ll . 

We now focus on the electron spin relaxation in n-doped symmetric (110) quantum wells. Let us reexamine the 
three spin relaxation mechanisms in symmetric (110) quantum wells more carefully. The D'yakonov-Perel' mecha- 
nism leads to a spin relaxation tensor, 

r:' = 0, t;' = r;' = {T,/3lk^}/2 (112) 

when only the linear spin-orbit coupling term is c onsid ered. For the Elliott- Yafet mechanism, usua lly th e in-plane spin 
relaxation rate is larger than the out-of-plan e one 1 111 1. but the two are generally comparable lilllll370ll . However, the 



Bir-Aronov-Pikus mechanism is isotropic 111 1 111 . Therefore the spin relaxation anisotropy will reflect the relevance 



of the Bir-Aronov-Pikus mechanism. The experimental investigation was fi rst performed by Dohrmann et al. by 



measuring spin decay time in the presence of an in-plane magnetic field 038811 . With an in-plane magnetic field, e.g., 
B II Cy, spin dynamics is governed by the following equations, 

5,5 .v = -S_Jtx + ojlSz, d,Sz = -Sz/t, - u)lSx- (113) 

The solution is 

5.(0 = 5(O)e"5(^l'+^.^')'cos(wf-0)/cos((^) (114) 



for 2a)L > |Tj, ' - t/|. Here tan0 = ^' ^ J" ™d u - -sjciyi - (Tj.' - r, ')^/4. The observed magnetic field dependence 
is a step-function- hke: for a moderate magnetic field B > 0.5 T, spin lifetime changes from to 2/(t^' + '). The 



This is also confirmed by the increase of photo-carrier lifetime with temperature l663ll . 
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measured spin lifetimes at B = and B - 0.6 T in GaAs (110) modulation «-doped quantum wells as function of 
temperature are shown in Fig. 12 iF^ It is seen that at low temperature the anisotropy is quite weak which indicates that 
the spin relaxation is dominated by the Bir-Aronov-Pikus mechanism. With increasing temperature, spin relaxation 
anisotropy increases as the Bir-Aronov-Pikus mechanism becomes weaker and the D'yakonov-PereF mechanism for 
in-plane spin relaxation grows stronger^ The decrease of T; at high temperature was explained by the intersubband 
spin relaxation mechanism I 38S..667.1 . The intersubband spin relaxation mechanism can be understood as following: 
when higher subbands are involved, the spin-orbit coupling 



Hd = yoii-kl - 2kl + kl)k,, 4k,kyL, k,(kl - Ikl - kl^] ■ cr/2 



(115) 



can enable intersubband spin-flip scattering as the first two terms couple states with different spin and parity. At high 
temp erature when the higher subbands are populated, the intersubband spin relaxation mechanism can be important 
1 388l] . This mechanism also explains the mobility dependence of spin lifetime in Fig.|20l Recentl y, Zh ou and Wu 
proposed a virtual intersubband spin relaxation, where the higher subbands need not to be populated i668ll . However, 
calculation indicated that both the real and virtual intersubband spin relaxation rnechanisms are ineffective at low 
temperature for modulation n-doped quantum wells as the scattering is suppressed ll388ll668ll . 

The photo excitation of holes in the photoluminescence or Faraday/Kerr rotation measurement makes the Bir- 
Aronov-Pikus mechanism become involved. This masks the intrinsic electron spin relaxation in n-doped (11 0) quan- 
tum wells at low temperature (3SS\. Recent advancement in spin noise spectroscopy method enables 
probing spin relaxation without photo-carrier excitation. The Bir-Aronov-Pikus mechanism is then removed, and the 
intrinsic spin Ufetime can be approached. This method was applied to modulation n-doped GaAs (110) quantum wells 
by Miiller et al., where a much longer spin lifetime of r. - 24 ns at low temperature (20 K) was obtained by careful 
analysis of the data [660]. The authors att ributed the spin relaxation at such low temperature to the random Rashba 
spin-orbit coupling mechanism 12941 l670ll . Later, theoretical calculation of the spin relaxation time limited by the 
random Rashba spin-orbit coupling by Zhou and Wu via the ful ly rn icroscopic kinetic spin Bloch equation approach 
ll670,] agrees well with the experimental results by Miiller et al. ll660ll . 
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Figure 21: Temperature dependence of spin lifetime r, for B = (filled circles) and B = 0.6 T (open circles ) in ( 1 10) GaAs quantum wells. Inset: 
Corresponding temperature dependence of spin relaxation anisotropy y.v/Tc = ^z/^.> ■ From Dohrmann et al. l595ll . 



Other investigations include the achievement of high temperature gate control of spin lifetime 111931 167 IL 167211 . 
which can be useful in spin switch devices or spin field-effect transistors. The typical results of spin lifetime as 
function of the electric field £ along the growth direction are shown in Fig. |22l The low field deviation of ~ 
£^ indicates the relevance of spin relaxation mechanism other than the D'yakonov-Perel' one associated with the 
Rashba spin-orbit coupling. Bel'kov et al. studied the relation of symmetry to spin relaxation in (110) quantum 



Similar temperature dependence of spin lifetime in (1 10) InGaAs quantum wells was studied in Ref. fee?]. 
*^In InGaAs quantum wells larger spin relaxation anisotropy was found I665ll66dl . which is due to the much stronger Dresselhaus spin-orbit 
coupling in InGaAs. 
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wells 111831 166311 . The symmetry of the quantum well was probed by the magnetic field induced photo-galvanic 
effect. At certain configuration, the photocurrent is proportional to the Rashba spin-orbit coupling coefficient. The 
authors observed that photocurrent indeed vanishes for symmetric quantum wells. It was also observed that the spin 
lifetime is longest in symmetric quantum wells. Therefore the experiment demonstrated that the structure inversion 
asymmetry can be tuned down to zero. As only the Rashba spin-orbit coupling contributes to the D'yakonov-Perel' 
spin relaxation, the (110) quantum wells can be used as a good platform to investigate the Rashba spin-orbit coupling. 
Eldridge et al. presented an all-optical measurements of the Rashba spin-orbit coupling: by measuring the spin lifetime 
via polarized pump-probe reflection technique and measuring the diffusion constant from spin-grating method (from 
which Tp is extracted), they extracted the Rashba coefficient oq - {ImkBTTsTpY'^l^ l{e&) from the D'yakonov-Perel' 
theory lll79ll . At low temperature, they found good quantitative agreement with the k ■ p calculation and an unexpected 
temperature dependence. In undoped (110) quantum wells, Eldridge et al. discovered that the asymmetry of the band 
edge profile does not contribute to the Rashb a spin -orbit coupling when the electrostatic potential is absent 1 ITSl] . 
These findings confirm the theory of Lassn ig 1 148 [(see Sec. 2.3.3). Spin relaxation in (110) quantum wells under 



surface acoustic waves was studied in Refs. 1 67 3l 
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Figure 22: Measured spin relaxation rate vs. bias voltage and co rresp onding electric field (open circles) compared with calculation for a symmetrical 
quantum well (filled circles). T = 170 K. From Karimov et al. Il93ll . 



Theoretical investigation on spin relaxation in (110) quantum wells is few up to now ll640[l668[l670[l675U678ll . 



Among these works, Wu and Gonokami first proposed that the D'yakonov-Perel' mechanism can b e effective for 



relaxation of spin pointing along growth direction when an in-plane magnetic field is exerted 1167511 . Later it was 
shown that the in-plane spin relaxation rate can be tuned by strain which can be induced by the mole fraction of 
gallium in an I nGaA s/InP quantum well [676]. Effect of electric field across quantum well on spin relaxation was 
studied in Ref. i640ll . Recently, Zhou and Wu proposed a virtual intrasubband spin-flip electron-phonon and electron- 
impurity scattering due to the intersubband spin-orbit coupling 1 668ll . Tarasenko gave the spin relaxation tensor in 
asymmetric (110) quantum wells with a finite Rashba spin-orbit coupling He found that in the presence of the 

Rashba spin-orbit coupling, the decay of electron spin initially oriented along the growth direction is characterized 
by two spin lifetimes. Glazov et al. proposed a symmetric multiple (110) GaAs quantum well structure to suppress 
the spin relaxation due to the random Rashba effect l,:678il . In such structure, the donor Coulomb potentials seen 
by electrons in the central quantum well is largely screened by the electrons in other quantum wells, which hence 
strongly suppresses the random Rashba spin-orbit coupling and spin relaxation l678ll . In this structure, spin-flip 
scattering between electrons in different quantum wells, however, leads to an additional spin relaxation. The spin-flip 
inter-well electron-electron scattering is comparable with the random Rashba spin-orbit coupling mechanism in the 
non-degenerate regime, but is suppressed in the degenerate regime i678ll . 
Spin relaxation in (111) quantum wells 

Besides (110) quantum wells, spin relaxation in (111) quantum wells also attracted much attention due to its 
particular symmetry. In (111) quantum wells the linear DresseUiaus spin-orbit coupling is of the same form of the 
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Rashba one. The linear-k spin-orbit coupling term is then 
where oia - aR + 2yo{k^)/ V3. The cubic-k term reads 



The spin lifetimes are then 



X y 



Hso,i = ^ \k\-kycr, + k.cr,.) + ^/2(3kl - kl)k,crA . 

{k^h [12< - 4 VSrzpaiA^' + (1 + 2h/Wylk'] je) , 
{khi(7Dk^-2y/3aiAf/3). 



(116) 



(117) 



(118) 
(119) 



It was first proposed by Cartoixa et al. i340l l679ll that by tuning the gate-voltage, the condition yoik^} - 2 VSaiA 
can be achieved, where spin relaxation is suppressed for all spin components (see Fig. l23l i: = oo and = r,, - 
3/{jjy{k^}f2). Microscopic calculat ion u sing eight-band k ■ p method indicated the feasibility of such scheme in an 
InAlAs/In GaA s/InP quantum well ll680ll . Similar scheme based on tuning spin-orbit coupling via strain was also 
proposed i676ll . 
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Figur e 23: Calculated spin lifetime for (111) quantum wells as function of -(I'sia/Q'bia (fsiA = ^^R, Q'BIA = 2>'o(H)/ V3). Froin Cailoixa et al. 

Spin relaxation in arbitrarOy oriented quantum wells 

Accounting only the linear-k DresseUiaus spin-orbit coupling, spin relaxation tensor for an arbitrarily oriented 
quantum well reads 

T7.1 =(5,.,Try-y,v)/T°(ek). (120) 

Here t° is the in-plane s pin li fetime for (001) quantum well. The tensor v depends on the orientation of the quantum 
well n-(nx,ny, as ll369[l 

v.„ = Anlin] + nl) - {n] - nlf{9nl - 1), y,, = «,n,[9(n2 - „2)(„2 - „2) - 2(1 - n% (121) 

with other components obtained by cyclic permutation of the x, y and z indexes. 
Spin relaxation in (sub)-monolayers: experiments 

Spin relaxation in undoped sub-monolayer and monolayer InAs structures grown in GaAs matrix was studied in 



The X, y and z axis are taking along the [100], [010] and [001] directions respectively. 
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Refs. 068 U 168211 . The monolayer structure on (001) surface can be regarded as an ideal two-dimensional system. 
However, the (311) oriented monolayer forms wire-like or disk-like microstructures on GaAs steps and facets. In sub- 
monolayer InAs structures, such as 1/3 monolayer and 1/2 monolayer, InAs was found to be organized as disk-like 
islands with lateral size of tens of nanometers. However, the carrier system is still of two-dimensional nature but with 
lower density of states and smaller mobility. It was then found that the spin relaxation is suppressed by reducing the 
layer thickness (see Fig.l24ll 1.681.1 . The boundaries and deformation potentials are enhanc ed wi th decreased coverage, 
which leads to the decrease of momentum scattering time and suppresses spin relaxation 1168 ill . For monolayer struc- 
tures, the (311) structure has a much longer spin lifetime than the (001) one as the surface roughness is much larger 
in the former 1.68 IJ. The g-factor and spin dephasing time were also measured as function of excitation density for 
these struc tures 1168 ill . The spin dephasing time decreases with excitation density for all the 1/3, 1/2 and 1 monolayer 
structures 168 ill . The decrease of spin lifetime may be due to the enhancement of the D'yakonov-Perel' mechanism as 
{k^) increases or due to the enhancement of the Bir-Aronov-Pikus mechanism as the hole density increases. However, 
via examination of the temperature dependence of spin lifetime, Yang et al. 068 ill found that the Bir-Aronov-Pikus 
mechanism can only be important at low excitation density in 1/3 monolayer structure due to the strong electron-hole 
exchange interaction between the spatially confined elect r ons and holes [682]. The temperature dependence of spin 



akj. 
M 



lifetime at higher excitation density exhibits a p eak ||681|, l682ll . which signals the D'yakonov-Perel' spin relaxation 



associated with the electron-electron scattering 111 lOl 137211. Fin allv. the density dependence of g-factor was used to 



analysis the electronic density of states in these structures 168 111 
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Figure 24: (a) Electron-spin dephasing time T'^ and (b) effective g-factor |g*| for l/3monoIayer (ML), 1/2 ML and 1 ML InAs on (100) GaAs 
substrates with various carrier densities. The temperature is 77 K. From Yang et al. l68lll . 

Spin relaxation in parabolic quantum wells: experiments 

A good candidate for spintronic device structure is the parabolic quantum wells, where the g-factor and spin 
lifetime can be tuned efficiently by electrical means |67, 78, 683]. Recently, the Rashba and linear Dresselhaus spin- 
orbit couplings in parabolic quantum wells were measured by monitoring the spin precession frequency of drifting 
electrons via time-resolved Kerr rotation |67]. It was found that the Rashba spin splitting can be tuned significantly 
by the gate biases, whereas the Dresselhaus spin-orbit coupling varies only weakly. The spin relaxation was then 
tuned by gate- voltage (see Fig.l25ll. It was observed that the anisotropy of spin relaxation vanishes when the Rashba 
spin-orbit coupling is tuned to zero. 

Spin relaxation in II- VI semiconductor two-dimensional structures: experiments 

Spin relaxation in II- VI semiconductor two-dimensional structures has also been widely studied. The first remark- 
able advancem ent is that the spin lifetime can be increased by several orders of magnitude via n-type doping in ZnSe 



quantum wells ll584tl . It was observed that the spin lifetime is on the order of nanoseconds and is only weakly temper- 



ature dependent 058411 . The spin Ufetime in undoped ZnSe quantum wells is on the order of 10 ps at low temperature 
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Figure 25: (001) parabolic quantum well, (a) Left panel: the Rashba spin-orbit coupling coefficient a as a function of the front-gate: FG (back-gate: 
BG) voltage with fixed BG (FG) voltage (A: Vpa = 0.1 V; x: VpG = -0.5 V; o: Vbg = 0.1 V; □: Vbg = -0.5 V). Right panel: a as a function of the 
external electric field E^^f. The red fine represents a least-squares fit. (b) Out-of-plane spin relaxation rate i/r- = l/T^{0 = 90) + l/r|((? = 180). 



(c) In-plane spin-dephasing asymmetry l/r|(9 = 90) - l/r|(9 = 
([1 10]) direction. The dashed line marks the gate voltage where a 



180). e = 90 (9 = 180) denotes that the external magnetic field is along [110] 
= 0. From Studer et al. (H]. 



1 584159411. In undoped quantum wells the spin lifetime was observed to increase from less than 10 ps at 20 K to 500 ps 
at 200 K II594II . As the exciton binding energy is large (19 meV), at low temperature spin dynamics is governed by 
the exciton behavior Experimental examination on the relation between spin lifetime and momentum lifetime reveals 
a motional narrowing nature ~ t^', which coincides with the picture of Maialle et al. |118]; the electron-hole ex- 
change interaction serves as an effective magnetic field depending on exciton momentum. The momentum dependent 
spin precession leads to a spin relaxation similar to the D'yakonov-Perel' one for electron spin. At high temperature 
the spin relaxation is further suppressed wi th in creasing temperature due to the ionization of excitons which weak- 
ens the electron-hole exchange interaction 15941] . The spin relaxati ons o f electron, exciton and trion were studied in 
«-doped single CdTe quantum wells with different doping density f684'] . It was found that the exciton spin lifetime 
(18-36 ps) is miich shorter than the electron one (~180 ps) and the trion spin relaxation is go verned by the fast hole 
spin relaxation 168411 . Spin relaxation in (1 10) ZnSe quantum wells was studied in Ref. 168511 where behaviors quite 
different from that in GaAs (110) quantum wells we re fo und. Spin lifetime was reported to decrease monotonically 
with increasing temperature in CdTe quantum wells ll535[l . The electron density dependence of sp in lifetime in CdTe 
quantum wells was found to be nonmotonic: it exhibits a peak at 8 x lO'" cm"^ for T = 5 K | 



4.2.4. Electron spin relaxation in p-type III-V and II-VI semiconductor two-dimensional structures 

The two main electron spin relaxation mechanisms in p-type two-dimensional structures are the D'yakonov-Perel' 
and the Bir-Aronov-Pikus mechanisms. It is believed that at low temperature and/or high hole density the Bir-Aronov- 
Pikus mechanism dominates. The Elliott- Yafet mechanism may also dominate spin relaxation in heavily /?-doped 
narrow bandga p sem iconductors at very low temperature where the Bir-Aronov-Pikus mechanism is suppressed by 
Pauli blocking The D'yakonov-Perel' mechanism determines spin relaxation in other regimes. 

Experimental investigations on electron spin relaxation in p-type quantum wells are scarce. In a 6 nm p-modulation- 
doped GaAs multiple quantum well with hole density n/, - 4- x 10" cm"^, Damen et al. measured an electron spin 
lifetime of 150 ps at 10 K fHsT*]. In 5-doped double heterostructures with a doping density 8 x 10'^ cm"^, extremely 
long spin lifetimes up to 20 ns was observed at 6 K and a decrease of spin lifetime with temperature r , ~ 7-0 6 
found for T - 6-60 K (see Fig. l26b i688ll . The extremely long spin lifetime was explained as suppression of the 
electron-hole exchange interaction by spatially separated electrons and holes in the (5-doped double heterostructures. 
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However, the D'yakonov-PereF spin relaxation should also be suppressed to achieve such long spin lifetime, i.e., the 
momentum scattering should be strong in the structure!^ Later Gotoh et al. measured spin relaxation in a devic e 
where the spacial separation between electrons and holes can be tuned by a gate-voltage at room temperature 116891] . 
They showed that the spin relaxation is enhanced when the spacial electron-hole separation is shortened. From the 
observed results, they concluded that electron spin relaxation is dominated by the Bir-Aronov-Pikus mechanism in 
their structures. However, the gate-voltage also modifies the Rashba spin-orbit coupling, theses eff'ects should also 
be taken into account for a close examination. The temperature dependence of spi n relaxatio n at low temperature 
(T < 60 K) in p-modulation-doped GaAs quantum wells was investigated in Refs. ll69(iU692h where a decrease of 
spin lifetime was found and the spin relaxation varies from 600 ps to 40 ps. Energy-resolved spin dynamics at th e 
sufaces of p-GaAs was studied by Schneider et al. using time- and spin- resolved two-photon photoemission 169311 . 
The spin lifetime was found to increase with decreasing electron kinetic energy in agreement with the corresponding 
theory [390]. They also observed a suppression of spin relaxation in (001) surfaces where hole density is reduced by 
about an order of magnitude due to the band-bending effect. 




Figure 26: Left: Temperature dependence of the electron-spin lifetime Tsp and luminescence recombination time T|-ec- The solid hne indicates a 
7'"" '' power law, the dashed line is drawn as a guide to the eyes. Right: Self-consistent potential profile of the structure investigated. Subband 
energies and probability densities at = are also shown, "hh" and "Ih" denote heavy-hole and light-hole respectively; "el" denotes the first 
electron subband. The original structure is a 60 nm wide GaAs/Alo.ssGao.eyAs quantum well, where it is (5-doped in its center with Be (p-type). 
From Wagner et al. 1688.1 . 



Theoretically, the role of electron and hole spin relaxation dynamics in time-resolved luminescence spectral was 
studied by Uenoyama and Sham [694, 695]. The ultraf ast carrier and spin dynamics was then investigated from a fully 
microscopic kinet ic spi n Bloch equation approach ||44 , 334 , 350ll including also the carrier-carrier Coulomb scattering 
by Wu and IVletiu [350]. Calculation of the Bir-Aronov-Pikus spin relaxation in excitonic system and later in electron- 
hole plasma was performed by Maialle et al. [118. ,390. 391] where the energy-dependent spin relaxation time and 
the effects of the valence-band spin mixing as well as the electric field along the growth direction were studied. These 
studies found that (i) spin lifetime decreases with electron kinetic energy (see Fig. l27l i; (ii) the valence-band spin 
mixing can lead to a factor of two correction; and (iii) spin relaxation due to the Bir-Aronov-Pikus mechanism can be 
tuned substantially by gate-voltage. The relative importance of the B ir-Aronov-Pikus, Elliott- Yafet and D'yakonov- 
Perel' mechanisms was also compared in GaAs quantum wells ll390ll . IVlaialle suggested that the Bir-Aronov-Pikus 
mechanism is more important than the D'yakonov-PereF mechanism at medium energy in contrast to that the Bir- 
Aronov-Pikus mechanism is more important at low energy in bulk GaAs from the same calculation (see Fig.lZTli. 



The electron-impurity scattering is the only possible candidate to suppress the D'yakonov-Perel' spin relaxation in the experimental condition, 
as other scatterings are limited at such low temperature and low electron density. 
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Figure 27: Left: Electron spin lifetime t, due to the Bir-Aronov-Pikus mechanism in bulk GaAs and GaAs quantum wells as function of the 
electron kinetic energy for different hole densities N as labeled in the figure. The dotted curves with open triangles are the same as the solid 
curves but including the Sommerfeld factor. Right: Calculated electron spin lifetimes r, due to the D'yakonov-Perel' (DP), Elliott- Yafet (EY) and 
Bir-Aronov-Pikus (BAP) mechanisms as functions of the electron kinetic energy. The spin lifetimes due to the D'yakonov-Perel' and Elliott- Yafet 
processes are taken from Ref. |436], whereas the Bir-Aronov-Pikus (BAP) spin lifetimes are calculated by assuming both nondegenerate holes 
(label in the figure as "BAP") and degenerate holes (label in the figure as "BAP deg.") with (a) hole densities A? = 4 X lO'** cm"' in bulk GaAs and 
(b) N = lO'^ cm"^ in GaAs quantum wells with dift'erent well widths L. From Maialle J390||. 



4.2.5. Electron spin relaxation in III-V and II-VI semiconductor one-dimensional structures 

There are much less works on electron spin relaxation in one-dimensional structures compared with the electron 
spin relaxation in two-dimensional structures. It is believed that the D'yakonov-Perel' mechanism is the most efficient 
one, unless it is suppressed in certain geometry. Due to the additional constrain, the spin-orbit couplings in one- 
dimensional system is quite different from those in the two-dimensional case. By denoting the unconstrained direction 
as 2, the Rashba spin-orbit coupling for the lowest subband is then 

Hr = ao\e\-' [cTAdyV(x,y)) - (r,{dMx,y)}] K, (122) 

where V{x,y) is the electrostatic potential and (...) stands for the average over the lowest subband wavefunction. The 
Dresselhaus spin-orbit coupling depends on the growth direction of the quantum wire. If z \\ [001], then 

HD^yD{(kl-^)}crA- (123) 

One notices that spin precession direction is the same for all k^. Such symmetry leads to an infinite spin lifetimes 
for spin polarization along the spin precession direction. However, spin lifetime in other directions are still finite. By 
proper arrangement of the growth direction and the confinement, the Rashba and Dresselhaus spin-orbit couplings can 
be cancell ed, where relaxation for all the spin components due to the D'yakonov-Perel' mechanism can be inhibited 

Him. 

Experimentally, spin relaxation in undoped rectangular GaAs/AlAs quantum wires with small (< 20 nm) lateral 
sizes was studied via time-resolved photoluminescence 1 698] . The measured spin lifetime is shown in Fig.l28]together 
with the spin lifetime in quantum wells for comparison. One finds that spin lifetime in the narrower (12 nmxl2 nm) 
quantum wire can be larger than that in the wider one (19 nmxl3 nm). This is in contrast to the fact that both the 
D'yakonov-Perel' and Bir-Aronov-Pikus mechanisms increase with the confinement, as also indicated by the spin 
lifetime in quantum wells for different well widths. The temperature depe ndence of the wide quantum wire is similar 



to that in quantum wells, which indicates the multi-subband effect 1169611 . In narrow quantum wire, the temperature 
dependence is nonmonotonic, possibly indicating the effect of the electron-hole Coul omb s catte ring [109, 110]. Wire 
width dependence of the spin relaxation in wide quantum wires was studied in Refs. 1 654 655 1. where the crossover 



from two dimension to one dimension was discussed. Transport studies of spin lifetime was reported in Ref. [69S 

Theoretically, the study of spin relaxation in quantum wires focused on the D'yakonov-Perel' mechanism. Pra- 
manik et al. studied spin relaxation in a wide quantum wire (4 nmxBO nm) using a semiclassical approach (via 
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Figure 28: Temperature dependence of the spin relaxation time in quantum wires and quantum wells with various confinements (as labeled in the 
figure). From Sogawa et al. |698]. 



the Monte Carlo simulation) 1170 ID . In their work spin relaxation was found to be anisotropic as analyzed above. 
They showed that electric fields which drive electrons to high k states lead to faster spin relaxation |701]. Later 
Dyson and Ridley studied electron spin relaxation in quantum wires due to the electron-longitudinal-optical-phonon 
scattering |632]. Unlike previous studies concerning the electron-longitudinal-optical-phonon scattering, no elastic 
scattering approximation was made. They gave analytical expressions for the energy dependent scattering time where 
the inelastic nature of the collision was fully taken into account. They found that the spin relaxation rate increases 
with confinement asymmetry as indicated by Eq. ( 11231 ) where the DresseUiaus spin-orbit coupling is proportional to 
{(kl - ky)). Spin lifetime due to the electron-longitudinal-optical-phonon scattering was also found to increase with 
temperature |632]. In the presence of both the Rashba and Dresselhaus spin orbit couplings, the spin relaxation be- 
comes anisotropic. Consider a special case, where the strength of the Rashba spin-orbit coupling is equal to that of the 
linear Dresselhaus spin-orbit coupling: In two-dimensional case, this leads to a zero spin-splitting for k along [110] 
direction, whereas a maximum spin-splitting for k along [110] direction. By supperimposing additional constrainment 
to form quantum wires with the growth direction along [110] direction and keeping the condition that the strengths of 
the Rashba and linear Dresselhaus spin-orbit couplings are equal, it is easy to understand that the spin-orbit field is 
zero and spin relaxation is inhibited. Such condition holds for narrow quantum wires where only the lowest subband 
is relevant. Recently, Liu et al. showed that it also holds for quasi-one-dimension al qu antum wires where the wire 



width is comparable to the spin precession length or mean free path (see Fig.|29il 1169711 . The underlying physics is 
that electrons with a large transverse momentum component to the wire orientation almost do not contribute to the 
spin-dephasing because of motional narrowing as they suffer strong boundary scattering. Only electrons with a large 
momentum component parallel to wire orientation contribute significantly to spin relaxation. Hence spin relaxation 
depends largely on the wire orientation for equal Rashba and Dresselhaus spin-orbit coupling strengths when the 
cubic Dresselhaus term is neglectecQ (see Fig. |29l) Ii697il . The authors also considered the realistic conditions of 
imperfect orientation along [110] dire ction , the cubic Dresselhaus term and inequality of the Rashba and linear Dres- 
selhaus spin-orbit coupling strengths (69^]. Recent experimental results confirmed the above theoretical predictions 
(see Fig. [30ll [700] . In the experiment, the strength of the Rashba and linear Dresselhaus spin-orbit coupling is not 
equal. From the wire orientation dependence, the authors estimated that the ratio of the strengths of the Rashba and 
linear Dresselhaus spin-orbit coupling is about 2. 

4.2.6. Hole spin relaxation in metallic regime 

Because of the complexity of the valence bands, hole spin relaxation is quite different from the electron spin relax- 
ation. In bulk III-V and II- VI semiconductors, due to the strong spin-orbit coupling and the heavy-light-hole mixing, 



**Note that the dependence of the spin relaxation on quantum wire orientation was also shown by Holleitner et al. I654ll65al where a shorter 
spin lifetime in wires along [110] direction than that in wires along [100] direction was found. This may be because of an opposite sign of the 



Rashba spin-orbit coupling in those wires according to the theory by Liu et al. (62 
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Figure 29: The spin-dephasing time r| of a spin ensemble is 
plotted as a function of the wire orientation with respect to the 
[100] lattice direction. The spin polarization is initially oriented 
along the [001] direction. T* is strongly enhanced for a quasi- 
one-dimensional wire oriented in the [110] direction (black) as 
compared to an ensemble in a two-dimensional system (gray). In 
the calculation, the Rashba and Dresselhaus spin-orbit coupling 
strengths are taken to be equal, and the cubic Dresselhaus term is 
ignored. The two upper insets show the results near the two peaks. 
The lower inset shows the evolution of the spin polarization for 
various wire orientation (with respect to the [100] direction). From 
Liu et al. t697il. 
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Figure 30: Spin-dephasing time ti measured via Kerr rotation 
in quasi-one-dimensional structures with different wire orienta- 
tion together with spin relaxation in two-dimensional electron gas 
(2DEG). From Denega et al. (tOoIi . 



the D'yakonov-Perel' spin relaxation is very efficient, yielding very short spin Ufetime Tj ~ 100 fs 11207 . Eloll . In 
nanostructures, the heavy-light-hole degeneracy at k = is lifted and the effect of the spin-orbit coupling is reduced. 
Spin relaxation is hence slowe d down. In qu antum wells, hole spin relaxation is in the picosecond regime, usu- 
ally longer at low temperature I 400l 445 , 446ll . Hole spin relaxation in nanostructures is more complicated, as hole 
spin-orbit coupling and hole subband structure can vary largely with the geometry (e.g., size and growth direction) 
of the nanostructures I I 13.1 . Besides the D'yakonov-PereF mechanism, other mechanisms may also be important. 
For example, consider a unstrained symmetric p-type quantum well with only the lowest heavy-hole subband being 
relevant. The Rashba spin-orbit coupling vanishes as the structure is symmetric. The Luttinger Hamiltonian only 
induces hole-spin-mixing but no zero-field spin splitting in the lowest heavy-hole subband due to its space-inversion 
symmetry. The zero-field spin splitting can only originate from the Dresselhaus spin-orbit coupling, which is much 
weaker than the spin-orbit coupling in bulk system due to the Luttinger Hamiltonian. The D'yakonov-Perel' mecha- 
nism is then largely suppressed. On the other hand, the spin-mixing induced by the Luttinger Hamiltonian leads to an 
effective "spin"-flip scatterin g ass ociated with any momentum scattering (the Elliott- Yafet-type mechanism), such as 
hole-phonon scattering f694'.'695ll702U704'l. Such "spin"-flip processes can be very efficient, especially near a sub- 
band anti-crossing point |705]. In general both the D'yakonov-Perel' and Elliott- Yafet-type mechanisms should be 
considered. Ferreira and Bastard compared the two spin relaxation mechanisms and found that the D'yakonov-Perel' 
mechanism is usually more important in asymmetric quantum wells ffo^. Finally, in heavily n-doped samples, the 
electron-hole exchange interaction (the Bir-Aronov-Pikus mechanism) may also be relevant. 

Below we first review hole spin relaxation in bu lk materials. Experiments in undoped GaAs revealed that hole spin 
lifetime is about 100 fs at room temperature i207llF^ Theretical calculation of the ultrafast nonequilibrium dynamics 
under optical excitat ion i ncluding the spin-orbit coupling as well as hole-phonon and hole-hole scatterings repeated 
the observed results ll210ll . Near the equilibrium, calculation reported a spin Ufetime about 200 fs for heavy-hole and 
less than 100 fs for light-hole at room temperature |209]. Hole spin relaxation was also considered in the framework 
of non-Markovian stochastic theory |708]. Spin lifetime of the band hole in wurtzite GaN was measured to be 
120 ps |709], much longer than that in GaAs. This is because unlike the zinc -blende structures, valence bands in 



Hole spin relaxation in split-off bands was studied by Kauschke et al. (7ff 
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Figure 3 1 : Pump-probe measurements of hole spin dynamics in bulk undoped GaAs at different probe wavelengths 3200 nm (top), 3000 nm 
(middle) and 3800 nm (bottom). T: transmision, AT": differential transmision. Difference in differential transmision probed by right (Ar+) and left 
(Ar_) circular polarizations (Ar+ - AT-)/T is related to hole spin polarization. From Hilton and Tang l207h . 



wurtzite semiconductors are splitted into three separatedhmds, Fg, and F^. The band separation reduces the effect 
of the spin-orbit coupHng and suppresses the D'yakonov-Perel spin relaxation. 

Hole spin relaxation in bulk semiconductor under strain was studied by D'yakonov and Perel' illO\ It was found 
that the hole spin along the strain axis relaxes much slower than the unstrained samples. This is because strain lifts the 
heavy-hole and light-hole degeneracy at F point and largely reduces the spin-orbit effect in both heavy- and light-hole 
bands. 

More studies were devoted to hole spin relaxation in two-dimensional structures. Experimentally, Ganichev et al. 
measured hole spin relaxation by spin-sensitive bleaching of intersubband hole spin orientation in a p-type quantum 
well with well wid th L„ - 15 nm. At low temperature (T < 50 K) hole spin lifetime varies as ~ r^'/^ ^^j. j^^jg density 
- 2 X 10" cm"^ l71 in . S ubse quent studies via the same method extended the data to T < 140 K and to different 
well widths (see Fig. [33Tl ll712ll . Strikingly, spin relaxation is more efficient in wider quantum wells, in contrast to 
the inverse tendency in electron case. This is a specific feature of two-dimensional hole systems where the spin-orbit 
coupling is determined by heavy-light hole mixing, which is stronger in wider quantum wells [see Eq. (1221) . the Rashba 
coefficient is proportio nal t o the inverse of the hole subband splitting, i.e., the Rashba coefficient decreases with 
increasing well width] f 206] . Minkov et al. found that the hole spin lifetime (deduced from the weak antilocalization 
measurements) decreases rapidly with hole density at very low temperature T - 0.44 K for 3 < «/j < 10 x 10 " cm"^ 
but varies slowly with temperature for T < 5 K at «/, ^ 8x10" cm"^ in /?-InGaAs/GaAs quantum wells 117 1 311 . This is 
consitent with the D'yakonov-Perel' spin relaxation in degenerate regime, where temperature (hole density) changes 
both hole distribution and hole-momentum scattering marginally (markedly). In undoped 1.5 monolayer InAs/GaAs 
quantum well at 10 K, Li et al. observed long ho le sp in lifetime (r^ ^ 200 ps) which can be comparable to the electron 
spin lifetime ^ 350 ps in the same structure i714ll . This may be because that the hole spin-orbit coupling is weak 
in such ultrathin layers, as hole spin-orbit coupling decreases with quantu m wel l width [206.1 . Interestingly, it was 
found that the hole spin lifetime has a peak in the temp erature de pendence ll715ll . which resembles the temperature 
dependence of electron spin lifetime in similar structure This is consistent with the D'yakonov-Perel' spin 

relaxation due to the hole-hole Coulomb scattering 1299.1 . Bayl ac et al. observed that the hole spin lifetime decreases 
with photo-excitation energy at very low temperatur e (1.7 K) i716ll . The result was explained by the fact that hole 
spin relaxation rate increase s with hol e kinetic energy [716]. Both the D'yakonov-Perel' and Elliott- Yafet mechanisms 
give such dependence [363, 702 , 706ll . In a designed double quantum well structure, Lu et al. demonstrated that hole 
spin relaxation in a narrow well with width L^. = 4.5 nm at ro om temperature can be suppressed (tJ ^100 ps) if 
electrons tunnel out to an adjacent quantum well rapidly 1161 111 . This gives an evidence that the Bir-Aronov-Pikus 
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mechanism plays important role in hole spin relaxation. Hole s pin re laxation time in n-doped quantum wells was 
first measured by Damen et al., finding that ^ 4 ps at 10 K 1687]. Long ho le sp i n lifetime up to nan oseconds 
was observed in later experiments in n-doped quantum wells at low temperature 113931 l394l l445l l717l 171811 which is 
assigned to localized holes. Hole spin relaxation in «-type quantum wells was reported to decrease with magnetic 
field 1171 71 which is because that the g-tensor inhomogeneity mechanism is important in two-dimensional h ole system 
i399ll . Also hole spin lifetime decreases drastically with increasing temperature in «-type quantum wells 1 393 , 445 1 
(see Fig. l32l l as spin relaxation rate increases with increasing hole kinetic energy. Hole spin relaxation in type-II 
quantum wells was studied by Kawazoe et al. i719ll where two spin decay components were observed: a faster one 
with t'^ ~ 20-100 ps and a slower one with r'^ ~ 20 ns. The slower decay was attributed to the localized holes l,719ll . 
In II-VI semico nductor quantum wells, such as CdTe quantum wells, hole spin lifetime is on the order of tens of ps 
ll53lll68il720ll. 




Figure 32: Temperature dependence of hole-spin lifetime 
in «-doped GaAs/AlGaAs quantum wells. Reproduced 
fromBaylac et al. i393il . 



Figure 33: Temperature dependence of hole-spin relaxation time in p- 
doped GaAs/AlGaAs quantum wells. The curves are the calculated re- 
sults. The inset shows the hole spin-orbit coupling constan t /? (i n meV A) 
as function of quantum well width. From Schneider et al. l712ll . 



Theoretically, hole spin relaxation and its relation to pho t olum inescence spectra were studied by Uenoyama and 
Sham in «-doped, undoped and p-doped quantum wells ll694l l695ll . where the hole-phonon scattering was examined. 
Specific calculations of "spin"- flip scattering, which leads to the Elliott- Yafet-like spin relaxation, were performed by 
Ferreira and Bastard 1 702 , 706ll and by Vervoort et al. i216ll . taking into account of the interface inversion asymmetry. 
The D'yakonov-PereF spin relaxation due to the "spin"-conserving scattering via standard single particle paradigm 
was given by Ferreira and Bastard 1 7061 . The role of the Bir-Aronov-Pikus mechanism in hole spin relaxation in 
quantum wells was discussed by Maialle ll395ll . It was found that in narrow quantum wells, the Bir-Aronov-Pikus 
mechanism is comparable with other mechanisms. 

Finally, it should be mentioned that up ti ll now the hole spin relaxation in one-dimensional structures was only 
investigated by Lii et al. theore tically 07051]. They studied the topic comprehensively via the kinetic spin Bloch 
equation approach ll44ll334ll350ll . Their work will be introduced in Section 5. 



4.3. Carrier spin relaxation in III-V and II-VI paramagnetic diluted magnetic semiconductors 

Semiconductors dilutedly doped with magnetic impurities, such as Mn, are interesting materials because the mag- 
netism and electrics can be incorporated together Understanding carrier spin dynamics in such kind of materials is 
important for the application. Also the spin dynamics of the magnetic impurity or the magnetization dynamics is 
closely related to the carrier spin dynamics. Most of the works in the literature focus on Mn doped III-V and II-VI 
diluted magnetic semiconductors. In this subsection we review carrier spin dynamics in these materials. We restrict 
our review on spin dynamics in the paramagnetic phase, where the description is much easier 

A direct consequence of the s{p)-d exchange interaction is that it contributes to the carrier spin-flip scattering and 
hence carrier spin relaxation. The s{p)-d exchange interaction is believed to dominate spin relaxation in (II,Mn)-VI 
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semiconductors 1144911 . Besides spin relaxation, the s{p)-d exchange interaction also leads to spin precession: carrier 
spin precesses in the mean field of the s{p)-d exchange interaction. Under external magnetic field, carrier spins 
precess in the coaction of the external field and the mean field of Mn spins. For example, B || x, electron spin Larmor 
precession frequency is then 



(124) 



= -jB5/2[5gMnlJ^BB/(2kBT)] is the average Mn spin polarization at equilibrium where Bs/ii^) is the spin-5/2 
Brillouin function and gMn is the Mn spin ^-factor When the Mn density is high, the exchange interaction can be much 
larger than the Zeeman interaction gefisB, leading to the g iant Zeeman splitting. In ZnSe/MnSe heterostructures, a 
large ^-factor of 400 was observed by Crooker et al. 144711 . The contribution from the exchange interaction to spin 
precession leads to nonlinear magnetic field depe ndence of Larmor f requency, which can be used to determine the 
strength of the exchange coupling in experiment 11233113 1 7ll72 ll 172211 . The exchange mean field is largely reduced 
at elevated tem perature. This leads to a drastic decrease in spin precession frequency with increasing temperature 
112331 13171 1450 ]. The pr ecession of carrier spins and Mn spins can be strongly coupled when thek frequencies match 
(see Fig. 13^ 0721 , 723 1. Be sides , non equilibrium car rier spin p olarization can be transferred to the Mn spin system 
via exch ange inter action l^l724l|725'l and vice versa 17261 - 173 111 . Mn spin beats were observed by Crooker et al. (see 
Fig.l35Tl 1724 l725rl and theoretically studied by Linder and Sham I73Z1 . 
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Figure 34: Raman shift for the spin-flip transitions for electron and 
Mn ion as function of magnetic field. The expected behavior for 
noninteracting subsystems calculated is indicated by the solid and 
dashed curves. and denote Mn and electron spin splitting 
respectively. The anti-crossing splitting is 26. The temperature is 
r = 2 K. Inset shows the Raman spectr a (eve ry 0. 1 T) in the region 
of the anti-crossing. From Teran et al. l72lll . 



Figure 35: Induced Faraday rotation ©p, showing the final oscillations 
of the electron spins superimposed on an induced precession of the Mn 
spins. From Crooker et al. [7241 . 



Historically, carrier spin dynamics was first studied in (II,Mn)VI diluted magnetic semiconductors. In these ma- 
terials no charge doping is invoked, as Mn=>Mn^^ + 2e . At high doping density and low temperature the Mn-Mn 
interaction leads to a spin-glass order However, at high temperature or low doping density it is paramagnetic. The 
bandgap also changes with Mn doping. For example in CdMnTe, the bandgap increases with Mn doping density. A 
widely studied system is Cdi_jMnj:Te/Cdi_,.MnvTe quantum well, where the layer with higher Mn density serves as 
barrier. A particular case is x = 0, the s{p)-d exchange interaction is then incorporated through the wavefunctio n pen - 
etrated into the barrier layers. The s{p)-d exchange interaction can then be engineered via tuning the structure ll733ll . 
Another example of such structure is to insert MnSe layers into ZnCdSe quantum wells [447]. Crooker et al. found 
that the s{p)-d exchange interaction changes significantly with the number of MnSe layers [in their experiment, they 
used l(x3 atomic layer), 3(xl atomic layer) and 24 (xl/8 atomic layer) layers of MnSe] in ZnCdSe quantum well 
while keeping the overall Mn doping density unchanged li447ll . The modification of the s(p)-d exchange interaction 
comes from tuning the overlap between the confined electrons/holes and Mn ions by structure engineering. Another 
reason is that the Mn-Mn antiferromagnetic coupling between neighboring Mn spins which "locks" the Mn spins is 
largely suppressed in 1/8 MnSe sub-monolayers as the average distance between Mn spins increases. Interestingly 
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Smyth et al. fo und t hat the spin subband of the ZnMnSe/ZnSe superlattice can be significantly modified by external 
magnetic field ll734ll : Due to the giant Zeeman splitting, the spin-down subband is lowered and spin-up subband is 
raised. At the threshold magnetic field spin-up subband energy is as high as the barrier energy. Above Be spin-up 
electrons switch into the ZnSe layers. The spin and electronic structure is then tuned by the external magnetic field. 
In parabolic ZnSe/ZnCdSe quantum well with MnSe monolayers inserted, Myers et al. demonstrated that the s-d ex- 
change interaction can be manipul ated by ga t e vo ltage L735i1 . As the s{p)-d exchange interaction is tuned, the carrier 
spin dynamics is also manipulated 1 447 , 734 - 736ll . 

Femtosecond pump-probe measurements were first performed by Fre eman et a l. ll733ll . revealing a very short 
spin relaxation time of ~3 p s in C di-yMnj^Te/Cdi-yMnyTe quantum wells i733[l737ll . After that. Bastard and Chang 



1 44811 . Bastard and Ferreira II703I1 presented theoretical studies on spin relaxation due to the s-d exchange interaction 
in such kind of quantum wells. They obtained comparable spin lifetime with experiments. They also predicted well 
width dependence of spin lifetime and proposed a bias double-quantum-well structure to manipulate the spin lifetime. 
Interesting behavior was observed under magnetic field. As the neighbor Mn ions are coupled antiferromagnetically, 
Mn ions can link together to form clusters which have small spin momentums and become ineffective in spin-flip 
scattering. Hence, only /io/afec/ Mn ions count. Bastard and Chang took an eff ective Mn density as Weff - x{\—xy^NQ 
to warrant only Mn ions without any nearest neighbors. Akimoto et al. i736ll found that electron spin relaxation rate 
in CdTe/CdMnTe quantum wells is proportional to the probability of finding electron in the barrier layer of CdMnTe, 
which is consistent with the theory of Bastard and Chang [448,1 . As stated in previous paragraph, spin-up subband 
is raised higher than the spin-down one. Hence spin-flip scattering from up-spin to down-spin is more favorable 
than the opposite one at low temperature. Smyth et al. reported that spin-flip time of spin-up electron decreases 
with increasing magne tic fie ld whereas that of spin-down electron increases: the spin-flip times vary with magnetic 
field as two branches [l734ll . Similar behavior was observed in other diluted magnetic heterostructures (see inset 
of Fig. [361) H I738I - I742I 1. Such two-branch behavior is weakened with increasing excess photo-carrier energy 
or decreasing exchange interaction [738a ,7411 . Both electron and hole spin lifetimes were found to be smaller in 



diluted magnetic heterostructures compared to the nonmagnetic ones 1172411 . which indicates the relevance of the s{p)- 
d exchange interaction to the spin relaxation. 
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Figure 35: Calculated electron spin-flip times t^'°^^ 12 as a function of the magnetic field B. The inclusion of phase-space-filling (PSF) enhances 
the two-branch feature of the r^f vs. B curves. Different structures are considered: heterostructures with 18 X 1/6 monolayer (ML), 15 X 1/5 
ML, 12 X 1/4 ML and diluted magnetic semiconductor (DMS) quantum well. Inset: experimental results by Crooker et al. |447] with various 
heterostructures: 24 X 1/8 ML (triangle), 6x1/2 ML (square) and 3x1 ML (circle). The two branches of spin-flip time coiTespond to t^_,| and 
T^^|. The calculation is not intended to compare quantitatively with the experimental results. From Egues and Wilkins l743ll . 



Theoretically, spin relaxation rate can be calculated from the Fermi Golden rule 1145 11145211 . 

ruT,k'i = 2;rKk T |//.-rf|k' i)p5(ekT " £k'i)- 

The spin-flip rates are 



<rkT,k'i(i - /k'i)), T^^T = <rki,k'T(i - /k'T))- 



(125) 
(126) 
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Here T— *i (i— *T) denotes the spin-up to spin-down (spin-down to spin-up) transition. (...) means average over the 
electron ensemble. The total spin relaxation rate is r ^ ' = t:|:^j^ + t"^1^^ ■ For example in quantum wells at zero magnetic 
field liilllTiilTil, 

= hxNoJj^mAiStsi + Sisi))l(AU), (127) 

where J^^ is the s-d exchange constant, x stands for the mole fraction of Mn and A^o denotes the density of the unit 
cells. S'' = (S'l,S'^.,Sf) is Mn spin operator and S'l - S'l + iS^. ((...)) stands for average over Mn spin distribution. 
Here /, = L,,/ \ifrl(z)\^\ilri(z)\^dz with i/rj^-^' being the spin-resolved electron subband wavefunction and L„, denoting 
the well width. At equilibrium state, {{S'^S'l + SfS^)) - ^Sd(S d + !)• As to the two spin-flip transition rates, t:^^^ oc 
{{S'_Si)) = Sd(Sd+l)-{{(Sif))-{{Si))whsmasT-l^ cc {{SiSt}) = SASd+l)-{{iSlf)) + {{Sd)). In the presence 
of a magnetic field along the z axis, the Mn spin polarization {{S '!}} < 0. This enhances the spin-up to spin-down 
transition but suppresses the inverse process. The calculation of Egues and Wilkins indicated that the phase-space- 
filling eff'ect (Pauli blocking factor ( 1 -/k'tu))) further enhances the difference between the two spin-flip scattering rates 
(see Fig.l36Tl I 743<1 . It is noted that the total spin relaxation rate is proportional to S d{S d+^)-{{iSf)^)) which decreases 
with increasing magnetic field. The underlying physics is that the magnetic field pins the Mn spin and then suppresses 
the spin-flip processes and electron spin relaxation [746, 747]. Magnetic field effect on electron/hole/exciton spin-flip 
scatt ering rates at low temperature in CdMnTe quantum wells was investigated comprehensively by Tsitsishvili and 
Kalt II745II ■ In most cases the magnetic field dependence of spin relaxation rate is weak. Unlike longitudinal magnetic 
field, a transverse magne tic field always leads to faster spin relaxation (for both electrons and holes) (see Fig. l37T i 
ll449[l72il72ll748U75(ill . This is because that the magnetic fiel d pinning of Mn spins along transverse direction 
increases the factor Sd(Sd + 1) - {((^f)^)) = {{(Si)'^ + (50^)) ifTllllTiil . Electron spin relaxation is enhanced 
for exciton bound electrons as the center-of-mass efifective mass is larger for e xcito n. This was first predicted by 

Temperature dependence of 



Bastard and Ferreira |703] and then confirmed experimentally by S mits et al. 11749 1 
electron, hole and exciton spin relaxation has been studied in Refs. ll450[l749[l75ir 



7521 ■ Smits et al. presented a 



systematic exp erime ntal study on excitonic enhancement of electron/hole spin relaxation in CdMnTe based quantum 
well structures 174911. 




Figure 37: Electron (left) and hole (right) spin lifetime as function of transverse magnetic field for nonmagnetic (NM) (Zno.77Cdo.23Se/ZnSe) 
quan tum w ell as well as that for quantum well with 1 X 3, 3 X 1 and 24 X 1/8 MnSe monolayers inserted (for the details of the heterostructures see 
Ref. (2H). T = 4.6 K. From Crooker et al. | 72l . 

Recently, Ronnburg et al. presented a systematic experimental investigation on electron spin relaxation in bulk 
CdMnTe. Their major results are shown in Figs. [38] and [39] In the experiment, the photon energy was chosen to 
be centered on the Is exciton absorption lines and the photo-excitation intensity was kept low in order to minimize 
sample heating and carrier-density-dependent eff'ects. A salient feature is that electron spin lifetime increases with 
temperature, which signals a motional-narrowing spin relaxation mechanism. This is quite different from the previ- 
ously considered s-d exchange scattering mechanism where electron spin relaxation rate in bulk system is proportional 
to (k), which increases with temperature. Ronnburg et al. then presented a new theory of spin relaxation based on the 
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thermal and spacial fluctuation of the s-d mean field. The transverse spin relaxation rate is given by 

(128) 
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1 + (getiBB + y{6M:))^Tl 



where y - /sd/C^MnA's), M = {M^, My, M.) is the (Mn spin) magnetization and 6Mi (i — x, y, z) denotes the fluctuation 
of magnetization felt by optically excited electrons, tq stands for the correlation time of the fluctuations, ge is the 
intrinsic ^-factor of the itinerant electrons. By working out the thermal and spacial fluctuations, the spin relaxation 
rate is given explicitly as 1,45 Oil 



1 = ZZ£ 
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W&c&XiB, T) - ^^^^^^''^"'^ is the susceptibility. (...) denotes the thermal average of Mn spins. By assuming the spacial 
fluctuation to be a Poisson distribution, it gives the amplitude of the spacial fluctuation ((5M,)^)sf = {Mif- (i = x,y,z)- 
According to the central limit theorem, the fluctuation is reduced by the number of Mn spins felt by the electron wave- 
packet A^ex- In intrinsic bulk CdMnTe at low temperature electrons and holes are bound together to form excitons. The 
spacial extension of exciton-bound electron wave-packet is controlled by two factors: the exciton Bohr radius and the 
thermal length Lth of the center-of-mass motion. The latter is estimated as the inverse of the thermal fluctuation of 
the center-of-mass wave-vector, Lth - 0.37/ y/mkBT with m = + m/,. Taking into account these two factors, one 
obtains the volume of the wave-packet Vex and then the number of Mn spins within the volume A^ex - xnoVex- The 
correlation time also consists of two contributions, I/tq - l/rpi-op + l/i"^"- t"^" is the Mn spin-flip time which is at 
least several hundreds of picoseconds |725] and hence ineffective. Tpiop denotes the exciton propagation time, which 
is the time for an exciton to see a new environment of Mn spins. It is approximated as the time for an exciton to 
propagate a distance equal to its spacial extension with a thermal average velocity. In such a way tq is determined. 
By taking parameters in the literature, Ronnburg et al. calculated the transverse spin lifetime and found that the 
calculated results agree remarkably well with experimental data both qualitatively and quantitatively (see Fig. [39] l. 
The Mn doping x dependence of T2 at small x shows 1/x behavior as M^, x and A^ex are proportional to x. At high Mn 
doping, the antiferromagnetic interaction between neighboring Mn ions should be taken into account with a correction 
■^eff = -^(1 - |743]. This leads to the observed increase of T2 at large x in Fig. [39] The magnetic field dependence 
also agrees well with the calculation (not shown). The intial decrease of T2 with magnetic field is mainly due to the 
increase of (M.)^. At high magnetic field, xiB, T) and (M ) saturate. The magnetic field dependence then mainly 
comes from the factor l/[2 + lig^figB + 7(<5M2))^r^] which makes T2 increase with B (Similar behavior was also 
observed in the experiment of Cronenberger et al. 1753])- The magnetic field dependence is more pronounced at low 
temperature where tq is larger and the magnetic field dependence of (M ) is stronger. 

The Mn density dependence is informative and reveals the underlying spin relaxation mechanisms. In CdMnTe 
quantum wells, spin relaxation rate was found to be proportional to x for x > 4 x 10"^, indicating spin relaxation 
due to the s-d exchange scattering (see Fig.l40li Ii449i] . However, in GaMnAs quantum wells Poggio et al. found that 
spin lifetime first increases and then decreases with increasing Mn density. A peak appears around x ~ 10 for well 
width from 3 to 10 nm (see Fig. 14111 123 3ll . It was speculated that the dominant spin relaxation mechanisms for Mn 
densities below and above the peak density are different. However, calculation based on realistic parameters is ne eded 



to determine the relevance of various mechanisms. Such calculation has been done by Jiang et al. recently 111 1 1 1. 

Relaxation dynamics of spin-polarized electrons excited at higher energy subband was revealed by probe-energy 
dependence of the spin lifetime in Ref. L754] . The probe-energy dependence is understood by the intraband electron 
energy relaxation and subsequent spin relaxation. Energy-resolved spin relaxation in wurtzite magnetic semiconductor 
CdMnSe was studied in Ref. jTSSt). 

At low temperature, Mn ion can bind a hole to form a neutral center. Hence optically excited electrons interact 
with the neutral centers rather than the Mn ions and holes separately. The ground state of the neutral center is a two- 
fold degenerate state with angular momentum nij - ±1 as the p-d exchange interaction is anti-ferromagnetic|3 The 



^'^Such a spin structure can be utilized to establisli optical initialization and readout of Mn spin [98] as circularly polarized light (with spin 
CTj = ±1) selectively excites the mj = ±1 state due to the optical selection rules. 
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Figure 38: Results of time-resolved Faraday rotation experiments on Cdi- vMn.vTe (x=0.0073) at 8 T and for various temperatures: (a) Temperature 
dependence of the Faraday-rotation transients; (b) temperature and magnetic-field dependence of the electron spin precession frequency extracted 
from the transients; (c) fitted electron spin dephasing time as a function of temperature and magnetic field. From Ronnburg et al. | 450]. 




10 r 



;io 



a) 
a 



10 

10 









T-12K : 






T=2.4 K 

B-5T 

1 





Manganese doping (%) 



10 

Manganese dopinQ (%) 



10 



Figure 39: Left: experiment. Right: theory. Doping density and temperature dependence of electron spin dephasing time. Magnetic field is fixed 
at 5 T. Inset in right figure: the picture of exciton moving through the local moments of magnetic dopants. Inset in the left figure: experimental 
set-up. From Ronnburg et al. [450(1 . 



exchange interaction between electron and the neutral center consists of two origins, the s-d exchange interaction and 
the electron-hole exchange interaction. Interestingly, both interactions are ferromagnetic. Due to opposite Mn and 
hole spin orientations, the whole exchange interaction is weakened]^ The cancellation of the two exchange interaction 
leads to suppression of spin relaxation. As GaMnAs is partially compensated semiconductors, i.e., interstitial Mn's act 
as donors whereas substitutional Mn's act as acceptors, hole density is smaller than the Mn acceptor density. Hence 
there are still some charged Mn acceptors. Recently, Astakhov et al. found that the exchange interaction can be further 
reduced by generating more holes via optical pumping. They found that below some threshold excitation power, spin 
relaxation is suppressed by increasing the optical excitation power (see Fig.l42ll Il757ll . A picture of localized electrons 
was presented in their paper to explain the results at low temperature. In such picture, the spin relaxation is due to 
random spin precession when electrons pass by the neutral centers. The spin relaxation rate is l/r^ = ^{o/)Tc where 
Tc is the correlation time. In the presence of a longitudinal magnetic field, spin relaxation is suppressed by a factor of 
1/[1 -I- (a>LTc)^]. By measuring the longitudinal magnetic field dependence, Akimov et al. found that Tc in GaMnAs 
is much longer than that in GaAs:Ge with similar acceptor concentration. They explained that the strong exchange 
coupling between Mn acceptor and hole protects hole spin from dissipation and the correlation time of random electron 



This leads to a dev iation of the s-d exchange constant deduced from the measured electron spin precession frequency from the genuine s-d 
exchange constant l75dl . 
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Figure 40: Electron spin relaxation rates vs. Mn effective 
content x^g for a QW width L,v. = 8 nm: experimental data 
(cr osses ), calculated values (solid line). From Camilleri et 
al. EH. 



Figure 41: The transverse electron spin lifetime r| at T = 5 K versus the 
percentage of Mn x for four quantum well sample sets of varies widths. 
The plotted values of are the mean values from magnetic field B = 
to 8 T, and the eiTor bars represent the standard deviations. From Poggio 
et al. 123311. 



spin precession is only limited by electron hopping, leading to a large Tc 1175811 . 
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Figure 42: (a) Spin relaxation time t, vs. excitation power for GaAs:Mn (A'mii = 8 x lO" cm"^) (dots) and for p-GaAs containing nonmagnetic 
acceptors {Na = 6 X lO'^ cm"') (open squares), (b) Spin lifetimes vs. temperature for different excitation powers in GaAs:Mn. Curves are to guide 
the eyes. From Astakhov et al. |757|| . 



Hole spin relaxation in diluted magnetic quantum wells and heterostructures was studied in Refs. 114491 1724 1725 

|749 ^ . For heavy-holes, the p-d exchange interaction is not able to flip hole spin unless facilitated by heavy-light hole 
mixing |702]. It was reported that spins of exciton-bound holes relax faster than free holes due to enhanced heavy- 
light hole mixing in excitons ll749ll . Also the mixing is increased by the mean field of the p-d interaction. Camilleri 
observed a relation for hole spin relaxation rate 1/r'' ^ fl(ji:eif(M))^ + b where Xgff is the effective (isolated) Mn mole 
fraction, (M) denotes the magnetization and b stands for the heavy-light hole mixing independent of (M) and other 
spin relaxation sources i449ll . Hole spin relaxation always decreases with increasing magnetic field Il449l |724 l725l 



1749(1 . Theoretical investigation of hole spin relaxation is presented in Refs. 117021 174511 . 



4.4. Spin relaxation in Silicon and Germanium in metallic regime 

Spin relaxation in silicon and germanium is an old topic. Sp in relaxation of donor bound electrons has been 
studied intensively since the middle of last century 1 453 . 759l - 764 1 and revisited in recent decades in the context of 
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quantum computation In this subsection, we focus on spin relaxation in silicon and 

germanium in the metallic regime. 

Let us first start with bulk silicon^ As silicon possesses space inversion symmetry, the spin-orbit coupling term 
of the conduction band is zero. Hence the D'yakonov-Perel' mechanism is absent. In «-doped silicon, the only 
relevant spin relaxation mechanism is the Elliott- Yafet mechanism. Experimentally, electron spin relaxation in bulk 
silicon was mostly studied via electron spin resonance as the optical orientation and detection method is forbidden 
due to its indirect band gap nature. Most of the investig ations foc used on the low temperature regime ll767U770ll . 
whereas only a few covered the high temperature regime [7631 177111 . Among these works, a systematic investigation 
was performed by Lepine |763]. Analysis indicated that the spin relaxation scenario varies with temperature |2j At 
high temperature {T > 150 K) most of electrons are in extended states and spin relaxation is dominated by the band 
electrons other than do nors. Theoretically, conduction band electron spin relaxation in silicon was first studied by 
Elliott 1 104il and Yafet 110311 separately. The Elliott- Yafet spin relaxation consists of both the Elliott process where 
spin-flip is due to the spin-mixing of conduction band and the Yafet process where spin-flip is caused by direct spin- 
phonon coupling. By taking into account of the Yafet process due to intravalley electron-acoustic phonon scattering, 
Yafet gave a qualitative relation of Tj ~ T i 1.103.1 . Recently, Cheng et al. found that the Elliott process and the 
Yafet process interfere destructivel y in silicon. The total spin relaxation rate is much slower than that predicted by the 
individual Yafet or Elliott process 136211 . They gave new qualitative relation of r , ~ T^^, which agrees quite well with 
experiments h36Zl [see Fig.l43l. 
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Figure 43: Spin relaxation time Ti in bulk silicon as a function of temperature T. The solid curve is the calculation (Pseudo), the symbols are 
the spin injection (SI Appelbaum) [150] and the electron spin resonance (ESR Lepine |763] and ESR Lancaster |771]) data (see Ref. |'23l)- The 
dashed-dotted curve is the spin lifetime calculated with only the intravalley scattering (Intra). The inset shows the contour plot of the spin relaxation 
rate TT^^ of hot electrons, as a function of the electron energy e and lattice temperature T. From Cheng et al. 1 362]. 



Two-dimensional structure can introduce structure and/or interface inversion asymmetry which induces the spin- 
orbit coup l ing in co nduction band. Spin-orbit coupling in silicon or germanium quantum wells was studied in 
Refs. ll29aJ293 . |772]. Correspondingly, the D'yakonov-Perel' spin relaxation in two-dimensional structure was in- 
vestigated in Ref. |290]. Experimentally, Tyryshkin et al. measured spin echoes and deduced a spin coherence time up 
to 3 jUS for a high mobility two-dimensional electron system formed in Si/SiGe quantum wells |773]. The angular de- 
pendence of spin relaxation indicated tha t the D'yakono v-Perel' mechanism due to the Rashba spin-orbit coupling is 
the relevant one in high mobility samples 1295 , 296l 773 1. Like that in bulk sihcon, spin relaxat ion in two-dimensional 
silicon structures was also studied mostly via electron spin resonance Il295l - l297ll62 i lTTjjTSOll . Re cently , electricaUy 
detected spin resonance has also been developed and applied to silicon two-dimensional structures |287, 781, 782|. 

The dependence of spin lifetime on the orientation of external magnetic field was studied in Refs. 1296. ,622,,. 77611 . 
revealing the relevance of the D'yakonov-Perel' spin relaxation mechanism in high mobility samples. Examination 



™There is few study in bulk germanium in metallic regime. 
"The analysis has been summerized in Ref. l2lll . 
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of the relation between the spin lifetime and the momentum s cattering rate indicated that in low mobility samples the 
spin relaxation is dominated by the E lliott - Yafe t mechanism |297]|3 Temperature and density dependences of spin 
relaxation rate were studied in Refs. 112951 l622l 1774.1 an d 1.2951 respectively. Spin relaxation can be suppressed by 
cyclotron motion as demo nstrated by Wilamowski et al. 062211 . Spin relaxation in quantum Hall regime was studied 
by Matsunami et al. [782]. 

Theoretically, Sherman pointed out that even in no minally symmetric silicon quantum wells, the doping inhomo- 
geneity can cause a random spin-orbit coup ling ll294ll . Such effect may play an important role in spin relaxation in 
symmetric silicon quantum wells 11294 16571. Similarly, the surface roughness can also induces a random spin-orbit 
coupling due to interface inversion asymmetry \29M- Hole spin-orbit coupling in silicon quantum wells was dis- 
cussed in Refs. 12981129911 . The effect of carrier-carrier scattering on the D'yakonov-PereF spin relaxation in n-type 
silicon quantum wells 117 8 311 and /5-type silicon (germanium) quantum wells 129911 has also been reported in the recent 
literature. 



4.5. Magnetization dynamics in magnetic semiconductors 

Magnetic semiconductors, especially the Mn doped IIl-V magnetic semiconductors, have attracted much attention 
for decades. The invention of ferromagnetic 111-V semiconductors opens the perspective of integrating the magnetic 
recording and electronic circuit on one chip and has inspired a lot of studies jl 14 1784l4787il . As the ferromagnetic 
order in lll(Mn)-V magnetic semiconductors originates from the carrier mediated Mn spin-spin interactions via the 
strong s{p)-d exchange interactions 1 114], the manipulation of carriers would lead to effici ent contro l over the magne- 
tization. The efficient manipulation of magnetization via optical i788l4808ll and electrical means have been 
realized. 

In this subsection we review recent studies on optically induced magnetization dynamics in llI(Mn)-V ferromag- 
netic semiconductors. Historically, the optically induced magnetization dynamics was first discovered in ferromag- 
netic metal (nickel) [813]. The studies in metal have some relation with those in ferromagnetic semiconductors, which 
hence should also be mentioned. After more than a decade study, the picture of the underlying physics has been dis- 
covered and some usefull models have been raised. However, studies which can quantitatively relate the microscopic 
carrier dynamics with the observed macroscopic magnetization dynamics are still absent. 

We first review optically induced magnetization dynamics in ferromagnetic metals. Let us start from the observed 
phenomena. In experiments, strong femtosecond laser pulses (usually ~ 1 mJ cm"^) are used to pump the ferromag- 
netic materials. The magnetization is then monitored by probe pulses via magneto-optical Kerr effect. The relative 
magnetization M(t)/M(0) is assumed to be proportional to the relative Kerr rotation 6{t)/6(0) where 6{0) [M(0)] is the 
Kerr rotation (magnetization) before pumping. A typical curve is shown in Fig.|44] The magnetization dynamics is 
characterized by three stages: (i) an ultrafast demagnetization within 1 ps; (ii) a recovery of magnetization via equi- 
libration processes such as electron-phonon scattering from 1 ps to ~ 20 ps; (iii) after ~ 20 ps a damped precession 
of the magnetization due to the effective exchange field I8l4l815ll . The characteristic time scale of these stages are 
the ultrafast demagnetization time tm, the energy lifetim e Tg and the Landau-Lifschitz-Gilbert damping time tllg- 
In Nickel, tm ~ 100 fs, te ~ 0.5 ps, and tllg ~ 700 ps i815ll . Many works have been attributed to study the mag- 
netization dynamics by various m ethods to reveal the underlying mechanism and the dependences of the dynamics on 
the external conditions 11813 ■ J820ll . It was found that the magnetization in stage (ii) is governed by the hot-electron 
temperature, which agrees well with the static M(T) curve ]816]. The damped precession of the magnetization in 
stage (iii) was found to be due to the deviation of the magnetization direction from the equilibrium one caused by the 
laser pumping ll815ll . Among these processes, the ultrafast demagnetization and the magnetization precession have 
attracted a lot of attention to uncover the underlying microscopic mechanisms. 

The ultrafast demagnetization in ferromagnetic metals is the first story which closely grasped the attention of 
the society. It was first discovered by Beaurepaire et al. in nickel in 1996 181311 . The magnetization decreases by 
50 % within ^100 femtoseconds, which is the fastest magnetization dynamics ever found. The large "instantaneous" 
demagnetization has been puzzling researchers, as previous measurement yielded a spin-lattice lifetime of ~ 100 ps 
||82I1 . Purely electronic mechanisms such as electron-magnon scattering was also suggested to explain t he ult rafast 
demagnetization. However, although the pure electronic processes can flip individual electron spins rapidly il822ll . they 



The relation between spin lifetime and momentum scattering time was also studied in Refs. I295ll622il . 
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Figure 44: Main: experimental development of the induced perpendicular component of M, AM^/Mz, after laser heating a nickel thin film at f = 0. 
Insets: precession of an individual spin in the exchange field (left) and of M in the effective field (right), tm, te and tllg denote the demagnetization 
time, the energy relaxation time and the Landau-Lifschitz-Gilbert damping time, respectively. The three stages of the magnetization dynamics is 
clearly seen. From Koopmans et al. |815|| . 



conserve the total spin of the electron system and hence can not lead to demagnetization f814 181711 . Koopmans et al. 
first suggested that the measured opti cal s ignal at the first picosecond does not reflect the magnetization dynamics, 
but only reflects the optical dynamics 181411 . They found that the relative change in the Kerr rotation does not coincide 
with that in Kerr ellipticity within the first 0.5 ps, which distincts with the magnetization induced Kerr effect. Hence 
i Jie " instantaneous" decrease of the Kerr rotation or ellipticity can not be directly related to the demagnetization 
1 814 1. A close examination indicated that the photo-excited electrons thermalize also within the first picosecond 
1 814ll . A more direct and reliable measurement of the spin dynamics via X-ray magnetic circular dichroism observed 
a demagnetization time of ~ 120 fs I18I&I . In the same experiment, the photo-electron thermalization time was 
identified as ~ 640 fs. At this stage, the time scale of the magnetization dynamics is faithfully characterized. How ever , 
the demagnet ization mechanism is still unclear Although several mechanisms and models have been proposed ll813[ 



8l5U823l - l825i1 . they have not yet been confirmed by experiments unambiguously. 



The focus of this subsection is the photo-induced magnetization dynamics in ferromagnetic III(Mn)-V semicon- 
ductors. One of the significant difference is that the magnetization is provided by the Mn spin, hence the magnetization 
and carrier degrees of freedom are separated. Furthermore, unlike the complex energy bands in metals, the energy 
bands in ferromagnetic III(Mn)-V semiconductors are well described by the Kane model with the s(p)-d exchange 
interaction 1114], which greatly simplifies the theoretical study. Theoret ical studies can then help to identify the 
underlying mechanisms of the photo-induced magnetization dynamics l99[ [826l482&l . 

Experimentally, laser-induced demagnetization in (III,Mn)V ferromagnetic semiconductors was first studied by 
Kojima et al. i807ll in GaMnAs. The magnetization dynamics was monitored via the magneto-optical Kerr rotation. 
They observed a slow demagnetization time o f ~ 5 00 ps, which was attributed to the possible thermal isolation be- 
tween the charge and spin system in GaMnAs 180711 . T he su b-picosecond ultrafast demagnetization in ferromagnetic 
semiconductors was first demonstrated by Wang et al. 178811 in InMnAs with much higher intensity > 1 mJ/cm"^ per 
pump pulse than the one in the experiment of Kojima et al. (45 fiJ/cm^^). A typical trace of the time-resolved Kerr ro- 
tation is illustrated in Fig.|45] The phenomena are similar to that in ferromagnetic metals: a sub-picosecond (~ 200 fs) 
demagnetization and a long time recovery. However, it is noted that the magnetization further decreases after the first 
1 ps, in contrast with the rapid recovery in ferromagnetic metals 1815il . In InMnAs, this slow demagnetization process 
can last for several hundreds of picosecond at low pump fluence. With increased pump fluence the duration of the 
slow demagnetization process decreases whereas the decay rate increases. Meanwhile the degree of demagnetization 
due to the fast process increases. At high pump fluence > 10 mJ/cm^, the magnetization is completely quenched 
after the fast process and the slow demagnetization diminishes. The slow demagnetization process is assigned to the 
Mn spin-lattice relaxation in the existing literature |788]. The arguments are as follows: In III(Mn)-V ferromagnetic 
semiconductors the l arge hole spin polarization blocks the carrier-Mn spin-flip scattering, hence the Mn spin system 
is thermally isolated 180711 . On the other hand, the carrier system is efficiently coupled to phonon bath via the carrier- 
phonon interaction at a time scale of < 1 ps. The thermalized phonon bath then leads to a Mn spin-lattice relaxation 
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Figure 45: (a) The first 3 ps of demagnetization dynamics in InMnAs. Tlie shadowed region denotes the cross correlation of the pump and probe 
pulses, (b) Demagnetization dynamics covering the entire time range of the experiment. A^k is the derived diffe rence Kerr rotation which is 
supposed to be proportional to the induced magnetization change along the growth direction. From Wang et al. |788|| . 



at the time scale of 100 ps, which results in the slow demagnetization process 080711 

Cascade Processes 




Figure 46: Illustration of the microscopic process of ultrafast demagnetization. X denotes the p-d exchange scattering. Thin arrow denotes the 
spin polarization direction of photo-excited holes. Bold arrow represents the initial magnetization direction. Each p-d exchange scattering reduces 
the magnetization and transfers the spin polarization into the hole system. Holes lose their spin polarization quickly through the D'yakonov-Perel' 
(DP) and ElHott-Yafet (FY) mechanisms. Duiing these processes, the efficient hole-longitudinal-optical-phonon scattering [denoted as blue arrow 
(LO) in the figure] relaxes the excess energy of the photo-excited holes. After the energy relaxation, hole spin relaxation slows down (the hole- 
longitudinal-optical-phonon scattering also slows down) and becomes less efficient than the p-d exchange scattering. Hole spin polarization then 
saturates and the cascade processes terminate. 

We now focus on the fast demagnetization process. The underlying physics of the ultrafast demagnetization is 
illustrated in Fig. |46] The key process is that via the strong p-d coupling the Mn spin polarization is efficiently 
transferred to the hole spin polarization, which is similar to the inverse Overhauser effect [826]. However, such 
processes is suppressed if the hole spin relaxation rate is smaller than the rate at which the spin polarization is injected 
from the Mn spin system via the p-d exchange scattering. Efficient hole spin relaxation is required for a ultrafast 
demagnetization. It is kno wn that hol e spin relaxation is very fast in bulk /j-GaAs, at a time scale of 100 fs, due to the 
strong spin-orbit coupUng 1 207 , 210tl . However, in III(Mn)-V ferromagnetic semiconductors, the large spin splitting 
due to the mean p-d exchange field removes the T point degeneracy and suppresses the effect of the spin -orb it coupling 
at low kinetic energy |3, 21]. Fortunately for photo-excited holes, of which the kinetic energy is high ll788ll . the spin- 
orbit splitting is larger than the exchange splitting. The hole spin relaxation can again be very efficient. The fast spin 
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relaxation of photo-excited holes facilitates the "inverse Overhauser effect" and leads to the ultrafast demagnetization. 
Due to the hole-phonon and hole-hole scattering, the photo-excited holes soon lose their energy and thermalize within 
1 ps. After the en ergy relaxation process, the ultrafast demagnetization is terminated. Such scenario has been laid out 
in recent studies ll79al826]l^ 

In Ref. i826ll . Cywinski et al. developed a mean field theory to describe the above scenario of ultrafast de- 
magnetization. In their theory, the magnetization was described by the mean Mn spin polarization which was then 
characterized by a single Mn spin density matrix. The Mn-Mn correlations beyond the mean field level were argued to 
be averaged out in such a strong carrier excitation regime. The instantaneous Mn and hole spin splitting was provided 
by the mean field of the p-d exchange interaction. The hole dynamics was then described by the spin-resolved dis- 
tribution function /„k with n denoting the (spin) band index. The magnetization dynamics was obtained, in principle, 
by solving the coupled kinetic equations of holes and Mn spin. The "inverse Overhauser effect", i.e., the transfer of 
spin polarization from Mn spin system to hole spin system due to the nonequilibrium hole distribution triggered by 
the photo-excitation, was then included in the kinetic equation. Within such a model, the Mn spin-flip rate due to the 
"inverse Overhauser effect" (from m state to m + 1 state with -5/2 < m < 5/2 being the Mn spin index) can be written 
as Jsia 

W„,,„^i = ^2n\{m\S^\m + l}\^ V f J^^\{n'k'\s^\nk}ff„^{l - M6{s„^ - g„k' + Am), (130) 

nn' 

where yS is the p-d exchange constant and {s"^) are the Mn (hole) spin ladder operators. Am represents the Mn 
instantaneous mean field spin splitting produced by the holes. e„k is the instantaneous band energy with the mean 
field exchange interaction included. By considering the hole energy- and spin-relaxation in a phenomenological 
way, the magnetization dynamics was solved within a simplified two band hole approximation |'826«]. The results 
reproduced the main features of th e ultrafast demagnetization: (i) the process is terminated at the time scale of hole 
energy equilibration time te i826ll : (ii) the demagnetization rate and the degree of the magnetization change increase 
with the p ump fluence and hole spin relaxation rate |826]. The obtained demagnetization time is on the order of 



1 ps [ 826 1. The feature of the magnetization dynamics also qualitatively agrees with the observation in experiments 



182611 . Further calculations based on the realistic band structure and microscopic interactions, such as what has 
been done in paramagnetic phase in Ref. [il 1 1|] . is needed to elucidate the underlying physics unambiguously and to 
compare with the experimental results. 

At low pump fluence, such as ~ 10 yuJ cm"^ (compared to the fluence > 1 mJ cm"^ used in demagnetization mea- 
surements), rich magnetization dynamics is triggered by photo illumination. Damped precession of the magnetization 
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It was also discovered that the magnetization precession can be coherently 
Besides, with circularly polarized light, the magnetization is rotated due 
to the p-d exchange mean field produced by the photo-injected hole spin polarization |751, 797, 803]. The photo- 
induced change in the magnetic anisotropy energy has been argued to originate from: (i) the change of the temperature 
of the hole gas due to hot photo-excited holes I18OO1I : (ii) the change of the hole density ]829]; (iii) the nonthermal 



effect 080511 . The dependence of the precession frequency (closely related to the magnetic anisotropy energy) and 
damping constant (the Gilbert constant ) were hence st udied for various photo intensity, temperature and hole density, 
and compared with theoretical results ll827ll828[l83lll . It should be mentioned that there is other mechanism which 
can also trigger such magnetization precession, such as the photo-induced spin precession due to the interband po- 



larization proposed by Chovan and Perakis J 99 1 . Very recently Kapetanakis et al. 18321] developed a nonequilibrium 



ikisj99| 
]Wlan 



theor y based on the original idea of Ref. [99"] and well explained the experimental results of magnetization precession 



1179 111 . In fact, within the first picosecond, the hot photo-excited holes can also modify the magnetization direction 
besides changing the magnetization amplitude (demagnetization) due to the fact that in the presence of hole spin-orbit 
coupling the total (hole-i-Mn) spin polarization is not conserved. Once the magnetization direction deviates from the 
equilibrium one, a damped precession is motivated by the effective magnetic field due to the external and internal 
(anisotropy) magnetic fields i814ll . 



^^Note that a similar picture of Mn ion spin relaxation in ZnMnSe/ZnBeSe paramagnetic quantum well was also depicted in Ref. ffid]. 



lA 



5. Spin relaxation and dephasing based on kinetic spin Blocli equation approacli 



In this section, we introdu ce a fully micro scopic many -body approach named kinetic spin Bloch equation approach 
developed by Wu et al. H [lH [3491. [350ll . Unlike the approaches reviewed in the previous sections which treat 
scatterings using the relaxation time approximation, the kinetic spin Bloch equation approach treats all scatterings 
explicitly and self-consistently to all orders. Especially, the carrier-carrier Coulomb scattering is explicitly included in 
the theory. This allows them to study spin dynamics not only near but also far away f rom t he equilibrium, for example, 
the spin dynamics in the presence of high electric field (hot-electron condition) f56^ and with large initial spin 
polarizations I4lll42ll44|] . This section only focuses on the results in spacial uniform systems while those in the spacial 
non-uniform systems are given in Section 7. We organize this section as follows: In Section 5.1 we first introduce 
the kinetic spin Bloch equation approach. Then we address the effect of electron-electron Coulomb scattering on the 
spin dynamics in Section 5.2. The general kinetic spin Bloch equations in n- or p-doped confined structures are given 
in Section 5.3 where we even include the case of spacial gradient|3 The results of spin relaxation and dephasing in 
quantum wells, quantum wires, and bulk samples are reviewed in Sections 5.4, 5.5 and 5.6, respectively. 



5.1. Kinetic spin Bloch equation approach 
5.1.1. Model and Hamiltonian 

We first use a four-spin-band model to demonstrate the establishment of the kinetic spin Bloch equations and 
apply these equations to investigate the spin precession and relaxation/dephasing. By considering a (001) zinc blende 
quantum well with its growth axis in the z-direction and a moderate magnetic field along the x-direction (Voigt 
configuration), we write the Hamiltonian of electrons in the conduction and valence bands as 

2 8fiB[R + n^(k)] ■ S^^^^c'l^^c^k^, +He + Hi, (131) 

/iko" /ikcrtr' 

with n - c and v standing for the conduction and valence bands, respectively. Here we only include the lowest 
subbands of the conduction and valence bands. This is valid for quantum wells with sufficiently small well widths. 
e,,k = -Eg/2 - k^/2mh - -Eg/2- Shk and Sck - Eg/2 + k^/2me - Eg/2 + s^it with m/, and denoting effective masses 
of the hole and electron, respectively. Eg is the band gap. For quantum well without strain, the heavy hole band is 
above the light hole one and hence the valence band to be considered is the heavy-hole band with Sio-o-' representing 
spin 3/2 matrices and cr - ±3/2. Scmr' stands for the spin 1/2 matrices for conduction electrons. £l^(k) represents the 
effective magnetic field from the D'yakonov-Perel' term of the /i-band. 

He in Eq. ( 1131b denotes the dipole coupling with the light field E^a-it) with cr = + representing the circularly 
polarized light. Due to the selection rule 

He = -dY,lE-(t)cl,c,^ + H.c] - dY,[E,(t)cl ,c,,^,_. + H.c], (132) 

k ^ k ^ 

in which d denotes the optical-dipole matrix element and Ea-(t) = E'"^\t) cos cot with ai being the central frequency 
of the light pulse. E^o^\t) denotes a Gaussian pulse with pulse width 6t. Hj stands for the interaction Hamiltonian. It 
contains both the spin-conserving scattering, such as the electron-electron Coulomb, electron-phonon and electron- 
impurity scatterings, and the spin-flip scattering, such as the scattering due to the Bir-Aronov-Pikus and Elliott- Yafet 
mechanisms. 

It can be seen from He that the laser pulse introduces the optical coherence between the conduction and valence 
bandsf^il = ^'"'('^^ ^^i'^ck^} ^^'^ ^k-^-i: = e""'(c'j^ i^ck-i)- In the meantime, due to the presence of the magnetic field 
in the Voigt configuration, these optical coherences may further transfer coherence to ^'k-i| = ^'"'('^'i^iC^k-^) and 
^'k|-4 = e'"'{c^^ s^cki)' of which the direct optical transition is forbidden. Due to the presence of the magnetic field 
and/or effective magnetic field, if there is any spin polarization, i.e., ^ko- = {c\^c^kcr} + fjik-a-, electrons can flip from 



For the case of spin diffusion and transport, see Section 7. 
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cr-band to -cr-band, and hence induce the correlation between two spin bands, i.e., Pf±a--a- = (cj,|^_g.c^ko-) = P^k-o-tr- 
Similar to the optical coherence which is represented by Pro-o-s the spin coherence can be well represented by p^ko- o-- 
In the following we call it spin coherence. These coherences as well as electron/hole distributions illustrated in Fig. 147] 
are the quantities to be determined self-consistently through the kinetic spin Bloch equations. 




Figure 47: Illustration of the four-spin-band model: two conduction bands with spin ±1/2 and two valence bands with spin ±<t. The spin coherence 
p, optical and forbidden optical coherences P as well as canier distributions of the four bands are also illustrated. 



5.7.2. Kinetic spin Bloch equations 

W e construct the kinetic spin Bloch equations using the nonequilibrium Green function method ll833ll as follows 

P/jv,k,o"(T' ~ P/jv,k,o"0"' Icoh "I" P/iv,k,tro"' Iscat- 

(133) 

Here p^ivXa-a-' represents the single-particle density matrix with yU and v = c or v. (// and v can be subband indices 
and/or valley indices also.) The diagonal elements describe the carrier distribution functions p^nXo-cr = .^ko- and 
the ofF-diagonal elements either represent the optical coherence Pcv.k.a-a-' = Pka-o-'e^'"' for the inter conduction band 
and valence band polarization, or the spin coherence P/jfiXa-cr for the inter spin-band correlation. The coherent 
terms p^jv.k.o-o-' Icoh are composed of the contributions from the energy spectrum, electric pumping field, magnetic 
and/or effective magnetic field as well as the Coulomb Hartree-Fock term. The scattering terms P;,v,k,cro-'lscat consist of 
the spin-conserving scatterings such as the electron-electron Coulomb, electron-phonon and electron-non-magnetic - 
impurity scatterings and/or the spin-flip scatterings such as the scatterings due to the Bir-Aronov-Pikus and/or Elliott- 
Yafet mechanisms and the hyperfine interaction. The detailed expressions of these terms will be given in the following 
subsections for different specific problems. 



By solving the kinetic spin Bloch equations ( I133l l with the initial conditions: 

D u m - ( ■^'"'"^^^ "^'^ ^ = y and cr = tr' 
P/.v,k,<r^r - I with pi^v and/or cr o-' ' 

one obtains the time evolution of the density matrix. 

5.1.3. Faraday rotation angle, spin dephasing and spin relaxation 

The Faraday rotation angle can be calculated for two degenerate Gaussian pulses with a delay time r. The first 
pulse (pump) is circularly polarized, e.g., £pump(f) = E±it), and travels in the ki -direction. The second pulse (probe) 
is linear polarized and is much weaker than the first one, e.g., E'-^^.^^^it) = y\E'^ (t - t) + E l(t - t)] with;^^ <sc 1. The 



probe pulse travels in the k2 direction. The Faraday rotation angle is defined as 1173211834 1 



0f(t) = C^ fRe[P^,y.(t)E''(t-T)-P^^_^_.(t)ET(t-T)]dt, (135) 

with Pkcrcr' Standing for the optical transition in the probe direction. C is a constant. The spin relaxation/dephasing 
can be determined from the slope of the envelope of the Faraday rotation angle 0f(t). However, calculation of this 
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quantity is quite time consuming. In reality, we use the slope of the envelope of 



^Ni^ - ^(/^k|o-| - fiik-\a-\). 



k 



P, 



;=IZ 



PfifiM.\o-\-\o-\[ 



(136) 



to substra ct the spin relaxation time Ti, spin dephasing time T2 and ensemble spin dephasing tk ne T^, resp ectively 
ll35d.l835ll . Similarly, the optical dephasing is described by the incoherently summed polarization ll346[l833n . 



^^^(0 = \PkMt)\ ■ 



(137) 



The later was first introduced by Kuhn and Rossi It is understood that both true dissipation and the interference 

among the k states may contribute to the decay. The incoherent summation is therefore used to isolate the irreversible 
decay from the decay caused by interference. 

5.2. Electron-electron Coulomb scattering to spin dynamics 

It has long been behev ed th at the spin-conserving electron-electron C oulo mb scattering does not contribute to the 
spin relaxation/dephasing ll836ll . It was first pointed out by Wu and Ning ll334ll that in the presence of inhomogeneous 
broadening in spin precession, i.e., the spin precession frequencies are k-dependent, any scattering, including the 
spin-conserving scattering, can cause irreversible spin de phasing. This inhomogeneous broadening can come from 
the energy-dependent ^-factor ll22l |226[ [331 l837H840ll 



the D'yakonov-PereF term (|33 



the random sgin-orbit 

coupUng H294 fl. and even the momentum dependence of the spin diffusion rate along the spacial gradient |I336'1. This 
can be illustrated from the kinetic spin Bloch equations of a four-spin band model in a quantum well with the lowest 
valence band being the heavy-hole band and Pcv,k,o-o-' = Pka-a-' e ^"^' . When the D'yakonov-PereF term il(k) = 0, the 



coherent parts of the kinetic spin Bloch equations are given by 033411 



eko- 



dt 



dt 



dPko-a-' 



coh 



q 

^ ^^j ^q[(.^k+q<r " fek+q-(r)Pcc,k,o--(r ~ (fekcr ~ fek-(T)Pcc,k+q,o--(T 



(138) 



+Pk+<i<T,TiPi-o-cT, - Pk+q-ao-,Pko-,T,] + :zglJBB( fekcr ' fek-a). 



dt 



-iSn 



coh 



.y{k)P],a-o-' - ^gP^BBPk-o-cr' ' ' ^ Vq [Pk+qo-<r' ( 1 ' fhkcr' 

q 

~fekcr^ ~~ Pk+q-<rcr'Pcc,k.cr-cr ^" Pk-<rcr' Pcc\k+q.cr-cr^^ 



(139) 



(140) 



for electron distribution function /eko- = fcka-, spin coherence and optical coherence, respectively, fhkcr = 1 - f kcr is 
the hole distribution function. The first term on the right hand side of Eq. ( 11381 ) is the Fock term from the Coulomb 



scattering with Vq = denoting the Coulomb matrix element. The first term of Eq. (11401 ) gives the free evolution 
of the polarization components with the detuning 



'(k) - fip/ik - Ao - ^ Vq(fek+qcr + fhk+qcr'). 



(141) 



in which s, 



ehk ' 



fifk + Shk and Ao 



Eg. Ao is the detuning of the center frequency of the light pulses with respect 



to the unrenormalized band gap. The last term in Eq. ( 11401 ) describes the excitonic correlations whereas the first term 
in Eq. ( |139t describes the Hartree-Fock contributions to the spin coherence. 
For spin-conserving scattering, 

dp^v, k, 0-0-' 



dt 



0. 



(142) 
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By performing the summation over k from both sides of the kinetic spin Bloch equations and further noticing that 
the Hartree-Fock contributions from the Coulomb interaction in the coherent parts of the kinetic spin Bloch equations 
satisfy 

a 1 / HF 



= 0, (143) 

coh 



one has 



,2 

ImV p,.,.,k,^_^ = -g^ldlB^lmY pcc,k,a-a-, (144) 



k k 

jReJ^PccX^-^ = 0. (145) 

k 

This shows that there is no spin dephasing in the absence of inhomogeneous broadening and spin-flip scattering. For 
optical dephasing, 6o-a-'i^) in Eq- ( 1140b is k-dependent, i.e., here exists the inho moge neous broadening. Therefore any 



optical-dipole conserving scattering can lead to irreversible optical dephasing II833I1 . Similarly, if there is inhomoge- 
neous broadening in the spin precession, any spin-conserving scattering can lead to irreversible spin dephasing. As 
electron-electron Coulomb scattering is a spin-conserving scattering, of course it contributes to the spin dephasing in 



the presence of the inhomogeneous broadening 1133411 . 



Wu and Ning first showed that with the energ y-dep endent ^-factor as an inhomogeneous broadening, the Coulomb 
scattering can lead to irreversible spin dephasing f334\. In [001]-grown «-doped quantum wells , the importance of the 
Coulomb scattering for spin relaxation/dephasing was proved by Glazov and Ivchenko i615ll by using perturbation 
theory and by Weng and Wu |44] from the fully microscopic kinetic spin Bloch equation approach. In a temperature- 
dependent study of the spin dephasing in [00 1 ] -oriented »-doned qu antum wells, Leyland et al. experimentally verified 
the effects of the electron-electron Coulomb scattering 13681 l59lll . Later Zhou et al. even predicted a peak from the 
Coulomb scattering i n the temperature dependence of the spin relaxation time in a high-mobility low-density n-doped 



[001] quantum well 1137211 . This was later demonstrated by Ruan et al. experimentally 1,6041 . 



5.3. Kinetic spin Bloch equations in n- or p-doped confined structures 

In this section we present the spin dynamics in n- or /?-type confined semiconductor structures. In this case, we 
only need to consider a simplified single-particle density matrix pt which consists only the electron/hole distribution 
functions and the inter-spin-band polarization (spin coherence). In the effective-mass approximation, the Hamiltonian 
of electrons in the confined system reads 

H = 2[i/,(R,) + eE-r,]+i//, (146) 

H,{K) = Zl + //,„(P) + y(r,) + L*^bB ■ (T, (147) 
Zm 1 

in which represents the coordinate along the confinement and R = (r, r^). P = -ihV - eA(R) is the momentum with 



B = V X A. //so in Eq. ( 1147b is the Hamiltonian of the spin-orbit coupling which consists the Dresselhaus/Rashba term 
as well as the strain-induced spin-orbit coupling. V{rc) represents the confinement potential. The energy spectrum of 
single-particle Hamiltonian ( 1147b reads 

//,|k,«) = e„(k)|k,«) (148) 

with n denoting the index for both subband [subjected to the confinement y(rc)] and spin. Hence |k, n) - |k)|«)k. 
Due to the spin-orbit coupling, k(n|n')k' usually is not diagonal if k' 4^ k. The Hilbert space spanned by |k, «) 



is helix space ll593|84il]. The kinetic spin Bloch equations in this space are very complicated. UsuaUy we use the 
wavefunctions |n)k at a fixed ko as a complete basis, i.e., {|n)o). Therefore, the Hilbert space becomes {|k)|«)o) which 
is complete and orthogonal. We call this space collinear space. The eigenfunction |k, n) can be expanded in this space 
as 

|k,n) = ^o<'«Kk|k,n)|k)|m)o. (149) 

m 
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The matrix element of the Hamiltonian He in the collinear space reads 



3<nKk|i/,|k>|n'>o. 



(150) 



As |k)|«)o in general is not the eigenfunction of He, E™ is not diagonal. eE ■ r in Eq. ( I146I I is the driving term of the 
electric field along the confinement-free directions. H; is the interaction Hamiltonian. 
In the collinear space, the density operator can be written as 



P(Q) = ^"i«2(qc)4+q„,Ck« 



in which I„^„2{(lc) = ()(nik"'' '^' |n2)o is the form factor. The interaction Hamiltonian Hj reads 

^(Q)^«l«2(qc)/«3«4(qc-)4+q„,4-q« 

Qkk',;i]n2"3«4 

^ep = ^ M^(Q)/«i«2(qc)Ck+q«,'^k,«2(«Qi + a^Qi)' 

Qk,n|/72,'^ 



(151) 

(152) 
(153) 
(154) 



Qk,Mi«2 



for electron-electron, electron-phonon and electron-impurity interactions, respectively. 

B y so lving the non-equilibrium Green function with generalized Kadanoff-Baym Ansatz and the gradient expan- 
sion 183311 . the kinetic spin Bloch equations read 



dpk(r,t) d 



+ T-Pk(r, t) 

di- at 



d 

+ ^Pk(r,0 

dif ot 



d 

+ — Pk(r,0 

coh or 



The first term on the right hand side of the above equation is 



|pk(r,0 



= ^{Vrek(r,f),Vkpk(r,f)) 

dr ^ 



(155) 



(156) 



with [A, B) - AB + BA representing the anti-commutator. (£k(r, 0)«,«2 - E^"' + ■ rSn^m + ^HF"(k, r, 0. in which 
S^^(k, r, f) = - Zq ^(qc)Pk-q(r, t)V{())I{-({c) is the Hartree-Fock term. The second term describes the diffusion 



^Pk(r,0 



= --{Vkek(r,f),VrPk(r,f))- 

dif ^ 



The coherent term is given by 



dt 



Pk(r, t) 



coh 



-/[ek(r,f),Pk(r,f)], 



where [A, B] - AB - BA is the commutator The scattering term in Eq. ( I155l l reads 

= -{5k(>, <) - Sk(<, >) + Sk(>, <y - 5k(<, >)"'" 



^Pk(r,0 



(157) 



(158) 



(159) 



with 



5k(>,<) = Tj^' [ «'^^/(Q)'f(q.)e''^''-''""'Vk-q(^)^'(-Q)/(-q.)Pk(T)e'^''^'""'^ 

Q %J — CC 

2 r flfTy(Q)/(qJe-'^-'.('-^>p^_q(T)y(-q:,)/(-q^)p<(T)e'^''('-)Tr[/(-qJe-'^^('-)pk'(^) 



Qk'q;^ ■ 



-iEt>-„(t-T)-i 



(160) 
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Here N^iQ) = A^(Q) is the phonon distribution, N^(Q_) - N{Q) + 1, = 1 - pu, and = pt. A^, is the impurity 
density. As /it - 2„ s„{k)T\i „ with Tk.n = |k, n)(k, n|, e'^''' = 2„ e"'""'^Tk,„. By further assuming the spin precession 
period is much longer than the average momentum scattering time and applying the Markovian approximation, i.e., 
replacing pk(T) in the integrand of Eq. ( 11601 ) by 

Pu(t) * e'^^<'-V(Oe-'^''<'-"\ (161) 

the time integral can be carried out and one arrives at the energy conservation: 

5k(>,<) = ^2 NiVi(0)I(qc^ptq(t)Tk-q,n,Vi(-Q)I(-qc)Tk,„,^^^^^^ 

Q,n]H2 

+n J] M,(Q)/(q,)p>_q(f)rk-q,,„M,(-Q)/(-q,)rk,„,p<(f) 

Q,/Il«2 

x[A?<(Q)5(e,„(k - q) - £„,(k) - ojq) + N"(Q)(5(e„,(k - q) - £„,(k) + wq)] 

+71 ^(Q)'f(q.)Pk-q(Ork-q,«,v(-Q)/(-q;)rM,Pk(f) 

Qk'q^,«in2"3'^4 

xTr[/(-q,)p^,(f)rk',„,/(q^)rk'-q,„,p^,_q(f)]5(e„,(k - q) - e„,(k) + e„,(k') - e„,(k' - q)). (162) 
The expression of 5k(<, >) can be obtained by interchanging < and > in Eqs. jl61l l and ( 11621 ). 

5.4. Spin relaxation and dephasing in n- or p-type quantum wells 

In this section, we review the spin dynamics in n- or p-type quantum wells under various conditions. We first write 
the kinetic spin Bloch equations in both the helix and collinear spin spaces in quantum wells in Sec. 15.4.1] Then we 
review the spin dynamics near the equilibrium and far away from the equilibrium in Sec. 15 .4.21 and l5 .4.3] respectivelv. 
We highlight the effect of the Coulomb scattering to the spin relaxation and dephasing in Sec. 15.4.41 After that we 
review the non-Markovian effect of hole spin dynamics in Sec. 15.4.51 We review the electron spin relaxation due to the 
Bir-Aronov-Pikus mechanism in Sec. 15.4.61 The spin dynamics in the presence of a strong THz laser field is reviewed 
in Sec. 15.4.71 Spin relaxation in paramagnetic GaMnAs quantum wells^l GaAs (110) quantum wells, Si/SiGe and 
Ge/SiGe quantum wells and wurtzite ZnO (001) quantum wells are reviewed in Sees. 15.4.^5.4. Ill respectively. 

5.4.1. Kinetic spin Bloch equations in (001) quantum wells 

We first consider a quantum well with a small well width so that only the lowest subband is needed. The electron 
Hamiltonian of Eq. ( 1147b now reads 

//f = - — +h(k)-o- + eo. (163) 

2m* 

Here eq is the energy of the lowest subband. It can be calculated from the Schrodinger equation with confinement 
potential y(rc) - V(z). h(k) = \gpB[^ + ^^^(k)] with ^^^(k) being the Dresselhaus and/or Rashba terms. The 
eigenenergy and eigenfunction of Eq. ( 1163b are ef(k) - ^ + ^|h(k)| + so and |k, ^ = ±) = (^\t^^w) ' respectively. 

The projector operator reads Tk,^ = ^[1 + ^j^^^ ■ o"]- The space spanned by {|k, ^)) is the helix space. As |k, ^) is 
k-dependent, the kinetic spin Bloch equations are more complicated in this space. Meanwhile, one may use the space 
spanned by {|k)|n)o). Here we choose ko - 0, i.e., the F-point and then |n)o is the eigenvector of cr^, \cr) - \ f) or | J,), 
which is k-independent. This space is the collinear space. In the collinear spin space, the density matrix is 

Pu = ( ^''^ J' ]. (164) 



When an electric field E is applied along the quantum well, the kinetic spin Bloch equations are given by 0281 156911 

(165) 



5pk(f) Pk(f) 
' = eE ■ VkPk(f) - i[h(k) ■ o- + EHF(k, f),Pk(f)] + 



R ecently Shen et al. have further extended the kinetic spin Bloch equation theory to study the Gilbert damping in ferromagnetic semiconductors 
(84l. 
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Here SnpCk, t) - - Yjq ^qPk-q(0^ and 5'k(>, <) in the scattering terms [Eq. ( 11621 )1 reads 

5k(>, <) = nNi Yj lf/qlVk-q(07'k-q,,„ Tk.,A(t)^(^m(^ - q) - e^2(k)) 



villi 



+^ Yj I^Q.-ilVk-q(Ork-q,„ rk,,,p^(f)[A?"(Q)<J(e„(k - q) - e,,(k) - ojq) 
Q.mm 

+N^(Q)6(e,,(k - q) - e,,(k) + coq)] 

+^ Z ^qPk-q(Ork-q,,, Tk,,,pt(t)Tr[p>(t)Tk,,,Jk'-q,r,,pt>-q(t)] 

x5(e,„(k - q) - e,,,(k) + s^,{k') - s^^(k' - q)). 



(166) 



with |f/q|^ = 2^. Vi(Q)Vi(-Q)I(q,)I(-qz) and \gQj\' = M,(Q)/(^,)M^(-Q)/(-^,) and = Z,, V(Q)/(^,)/(-^,) 
being the matrix elements with the form factors. It is noted that /o-,cn(?z) is diagonal in the coUinear spin spac e |cr) 
In the calculation, one either uses the static screening or the screening under the random-phase approximation 1372 1 
for Vq and f/q i843ll . according to the different conditions of investigation. In the collinear spin space, the screened 
Coulomb potential and electron-impurity interaction potential in the random-phase approximation read 



(167) 
(168) 



where vq - is the bare Coulomb potential, Mq = -Zf Vq with Z, the charge number of impurity, and 



(169) 



Eq. ( 1165b is valid in both the collinear and helix spin spaces. By performing a unitary transformation pj[ = ^kPk^^k, 
one may transfer the density matrix from the collinear space to the helix one p^, with 



f/k 



aik,+> aik,-) 
aik,+) uik,-) 



(170) 



Finally, we point out that the energy spectrum e,;(k) in the scattering Eq. ( 11661 ) contains the spin-orbit coupling. When 
the coupling is much smaller than the Fermi energy, one may neglect the coupling and hence 



By further utilizing the relation 



(171) 
(172) 



5(e,(q)-e„,(k))^5(e(q)-£(k)). 

Z^M=1> 

n 

the scattering becomes 

5k(>, <) = nf^i 2 |f/qlVk-q(OPk(0<J(e(k - q) - e(k)) 
q 

+^ Yj I^Q,.iI Vk-q(OPk(0[A^"(Q)'J(e(k - q) - e(k) - wq) + N>(Q)5(e(k - q) - £(k) + wq)] 
Q 

^q'°k-q(0Pk(0Tr[p^,(0Pk-_q(f)]5(e(k - q) - e(k) + s{kl) - e(k' - q)). 

qk' 

This is the form used in the electron systems E IIJS [H EH SS H IH [ml [ItI IsH [sT^, lioi [835 
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Before discussing the results from the full kinetic spin Bloch equations, we first show a simplest case by keeping 
only the electron-impurity scattering in the scattering term, where one can obtain an analytical solution in the spacial 
homogeneous system by further neglecting the Coulomb Hartree-Fock contribution 1,363.1 . The kinetic spin Bloch 
equations then read 



^Pk(0 = -i[a{kya-^ - k^cry),p\^{t)] - 2nNi 2_^\U^\ 5(ek-q - ek)[pk(f) - Pk-q(f)]- 



(173) 



By expanding pt as pk -Yit Piik)^'^''^ one has 
d_ 

dr 

'N, r2;r 



■p,(k,t) = ak[[S\pM{k,t)] - [S-,pi-x(k,m - \U,{kfp,{k,t\ 



(174) 



in which \U,{k)\^ = ff j^" de\U{ yJlkHl - co^,9))\^{\ - cos W) with \Uo{k)\^ = and \U-i{k)\^ = \Ux{k)\^ = By 
multiplying jcr and then performing trace from both sides of Eq. ( 11741 ). one comes to 



-S,(^, t) = ak[T'SM(k, t) - TSi-iik, t)] - Wiikf^ik, t), 
at 



(175) 



with Si(k, f) = \Tr\pi(K t)(r] and T 



( Q I ' 
-i 
-1 / , 



In deriving Eq. ( 11751 ). we have used the relation iTr([5 ^, p/]cr) 



f 'Siik, t) and 5Tr([5 ,p;]cr) = TSiik, t). By keeping only the lowest three orders of S/ in the strong scattering limit 
(xk <K 1), i.e., / = 0, ±1, one has 
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The solution of Eq. ( 1 1761 1 reads 
Si(/t,f) = 

So(^,f) = 
S-i(/t,f) = 
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(178) 



(179) 



with the initial conditions being Si(A:, 0) = S_i(A:, 0) - and So(A:, 0) - f{sk - p)ej, i.e., the initial spin polarization 
being along the z-axis. x^ in Eqs. (ll77H179t is Xk = 4akTp{k). From Eqs. ( ll77H179t . electron spin at momentum k 
reads 

Sk(0 = So(k, t) + Si(;t, Oe'"' + S-i(k, Oe"'*', (180) 
and hence the component along the z-axis is given by 



Sl(t)^Sl(k,t)^^f(sk-fi) 



(l + l/yjl -xiy ^^^ + (l-l/^l--^i)e ^ 



■d+Vl-A- ) 



(181) 



From Eq. ( 1181b . one can see the diff'erent time evolutions of the spin polarization at diff'erent regimes. When x^ > 

1, i.e., akTp(k) > 1/4, the system is in the weak scattering regime and the terms e^-^p""' give just the spin 
oscillations. Hence the spin relaxation is given by 

1/T,(k) = 1/[2t^(^)]. (182) 
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However, the spin oscillation frequency is - -\/(2ak)^ - 1 /[2Tp(k)]^. One can see from that the scattering tends 
to suppress the spin oscillation frequency. This indicates the counter-effect of the scattering to the inhomogeneous 
broadening. When < 1, the spin polarization decays according to 

1/T.,±(k) = (l ± ^l-[4akTp(k)]^^/[2Tp(k)]. (183) 

In the strong scattering limit, i.e., x/^ 1, 

l/T,,+ (k) = l/Tp(k), (184) 

1/T,,_(k) = i2akfTp{k). (185) 

As xit <K 1, _(k) » T j +(k) and the spin relaxation is determined by Tj,_(k). It is noted that Tj _(k) is exactly the 
result in the literature iH llOlll . 

Finally, one can see from Eqs. (1183b and d 1851 1 that in the weak scattering regime, a stronger scattering leads 
to a faster spin relaxation. Nevertheless, in the strong scattering regime, a stronger scattering leads to a weaker spin 
relaxation. This can be understood as following. In the presence of inhomogeneous broadening, the scattering has dual 
effects to the spin relaxation: (i) It gives a spin relaxation channel; (ii) It has a counter-effect to the inhomogeneous 
broadening by making the system more homogeneous. In the weak scattering limit, the counter effect is weak and 
hence adding a new scattering always leads to an additional relaxation channel and hence a fast spin relaxation. In 
the strong scattering limit, the counter effect becomes significant and hence adding a new scattering always leads to a 
longer spin relaxation time. 



5.4.2. Spin relaxation and dephasing in n-type ( 001 ) GaAs quantum wells near the equilibrium 

By numerically solving the kinetic spin Bloch equations with all the relevant scatterings included, Weng and Wu 
studied the spin dephasing in n-type GaAs quantum wells at hig h temperature (> 120 K), where the electron-acoustic 
phonon scattering is unimportant, first for small well width [44] with only the lowest subband and then for large well 
width 1 844] with mutisubband effect considered. They further investigated the hot-electron effect in spin dephasing 
by applying a large in-plane electric field |569], where the hot-electron effect is investigated. By further increasing the 
in-plane electric field, electrons can populate higher subband and/or higher valleys. These effects were investigated 
by Weng and Wu 1844.1 for mutisubband case and Zhan g et al. |,M5] for multivalley case. The spin relaxation at low 
temperature was first investigated by Zhou et al. i372ll from kinetic spin Bloch equation appr oach by including the 
electron-acoustic phonon scattering. Jiang and Wu studied the effect of strain on spin relaxation Spin relaxation 

for system with competing DresseUiaus and Rashba term s was investigated theoretically by Cheng and Wu 1597 ] and 
both experimentally and theoretically by Stich et al. lll99ll . Spin relaxation with large initial spin polarization was first 
studied by Weng and Wu f47] and many predictions were verified experimentally with good agreement between the 
experimental data and theoretical calculations by Stich et al^Ji4L 42J. The density dependence of the spin relaxation 
was also investigated both theoretically and experimentally 160911 . In this and next sections we review the main results 
of the above investigations. 

It was revealed that the spin relaxation time based on the D'yakonov-PereF mechanism has a rich temperature 
dependence depending on different impurity densities, carrier densities and well widths. 

Figure |48] shows the temperature dependence of th e spin relaxation time of a 7.5 nm GaAs/Alo.4Ga() eAs quantum 
well at different electron and impurity densities ll372ll . For this small well width, only the lowest subband is needed 
in the calculation. It is shown in the figure that when the electron-impurity scattering is dominant, the spin relaxation 
time decreases with increasing temperature monotonically. This is in good agreement with the experimental finding 
as shown in Fig.|49] where the dots are experimental data from Ohno et al. |602], and the theoreti cal ca lculation based 
on the kinetic spin Bloch equations well reproduces the experimental results from 20 K to 300 K ll372ll . However, it is 
shown that for sample with high mobility, i.e., low impurity density, when the electron density is low enough, there is a 
peak at low temperature. This peak, l ocated aro und the Fermi temperature of electrons - Ef/kg, is identified to be 
solely due to the Coulomb scattering ll372ll847ll . It disappears when the Coulomb scattering is switched off, as shown 
by the dashed curves in the figure. This peak also disappears at high impurity densities. It is also noted in Fig. l48? c) 
that for electrons of high density so that is high enough and the contribution from the electron-longitudinal optical- 
phonon scattering becomes marked, the peak disappears even for sample with no impurity and the spin relaxation time 
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Figure 48: Spin relaxation time r vs. the temperature T in GaAs (001) quantum well with well width a = 7.5 nm and electron density n being (a) 
4 X lO'" cm"-, (b) 1 X lO" cm"^, and (c) 2 X lO" cm"-, respectively. Sohd curves with triangles: impurity density n, = n; s olid c urves with dots: 
M, = O.ln; solid curves with circles: n,- = 0; dashed curves with dots: «, = O.ln and no Coulomb scattering. From Zhou et al. |372|| . 
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Figure 49: (a) Spin relaxation time r vs. temperature T for GaAs (001) quantum well with well width a = 7.5 nm and electron density n = 
4x lO'" cm~^ at three dilferent spin-splitting parameters. Dots: experimental data; dot-dashed curve: y = 0.970; solid curve: y = yo', dashed curve: 
y = l.lyo- yo = 0.0114 eV-nm'. (b) Hall mobility /iHall ^s- temperature T (Ref. |602|] ), from which the temperature dependence of the impurity 
density is determined. From Zhou et al. I 372J. 



increases with temperature monotonically. The physics leading to the peak is due to the crossover of the Coulomb 
scattering from the degenerate to the non-degenerate limit. At T < r^, electro ns are in the degenerate limit and the 
electron-electron scattering rate 1 /rge T^- AtT > T^, 1/Tee fl843ll848ll . Therefore, at low electron density so 

that Tp is low enough and the electron-acoustic phonon scattering is very weak comparing with the electron-electron 
Coulomb scattering, the Coulomb scattering is the dominant scattering for high mobility sample. Hence the different 
temperature dependence of the Coulomb scattering leads to the peak. It is noted that the peak is just a feature of 
the crossover from the degenerate to the non-degenerate limit. The location of the peak also depends on the strength 
of the inhomogeneous broadening. When the inhomogeneous broadening depends on momentum linearly, the peak 
tends to appear at the Fermi temperature. A similar peak was predicted in the electron spin relaxation in p-type GaAs 
quantum well and the hole spin relaxation in (001) strained asymmetric Si/SiGe quantum well, where the electron and 
hole spin relaxation times both show a peak at the hole Fermi temperature Tp 111 12 , When the inhomogeneous 
broadening depends on momentum cubically, the peak tends to shift to a lower temperature. It was predicted that a 
peak in the temperature dependen ce of the electron spin relaxation time appears at a temperature in the range of (r^/4, 
Tp/2) in the intrinsic bulk GaAs jl lOll and a peak in the temperature dependence of the hole spin relaxation time at 
Tp/2 in p-type Ge/SiGe quantum well f299'] . Ruan et al. demonstrated the peak experimentally in a high-mobility 
low-density GaAs/Alo.asGao esAs heterostructure 1604.1 as shown in Fig. |50] where a peak appears at Tp/2 in the spin 
relaxation time versus temperature curve. 

It is also seen from Fig.|48]that at high temperature (> 100 K), except for the case where the electron-impurity 
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Figure 50: (a) Measured electron g-factor as a function of temperature for two-dimensional electron gas (squares) in GaAs/Alo jsGao.esAs het- 
erostructure and bulk GaAs (circles), (b) Measured electron spin relaxation/dephasing time as a function of temperature for two-dimensional 
electr on gas (squares) and bulk GaAs (circles). All of the data were taken at B = 0.5 T and powers of pump:probe=200:20 /jW. From Ruan et al. 

teol . 



scattering dominates the scattering, the spin relaxation time increases with increasing temperature. Wens and Wu 
also showed this in a 15 nm quantum well with a magnetic field B = 4 T in the Voigt configuration ll44ll . They 
even compared the spin r elaxation times obtained from the kinetic spin Bloch equation approach and from the single- 

J I I 1^ poo pec 

particle model 01961I577I1 dZ/SkC/ki -/k_i)r(k)/ cZ/stC/k^ in which r(k) is the spin relaxation rate. 

It is seen from the inset of Fig. |M] that the spin relaxation time based on the previous single-particle model decreases 
rather than increases with increasing temperature. As the impurity density is set to zero in both computations, the 
main diff'erence comes from the Coulomb scattering which is missing in the single particle calculation. 

However, even for sample without any impurity, the temperature dependence of the spin relaxation time can also 
decrease with increasing temperature at high temperatures. This was shown by Weng and Wu in GaAs (001) quantum 
well with wider well width |844]. In the calculation, they considered two well widths, i.e., 17.8 nm and 12.7 nm, and 
showed the spin relaxation times as function of temperature with both the lowest subband and multisubband effects 
considered. One can see from the dashed curves (only the lowest subband is calculated) in Fig.|52]that for small well 
width, the spin relaxation time increases with increasing temperature but for larger well width, the spin relaxation 
time first increases and then decreases with temperature. It is also noted that when the multisubband eff'ect is included 
(solid curves), similar results are also obtained. 

The physics leading to above rich behaviors originates from the competition between the inhomogeneous broad- 
ening and the scattering. With the increase of temperature, electrons are distributed to higher momentum states. This 
leads to a larger inhomogeneous broadening from the D'yakonov-PereF term and hence a shorter spin relaxation 
time. In the meantime, higher temperature also causes scattering (especially the electron-phonon scattering) stronger. 
The scattering tends to make electrons distribute more homogeneously and suppresses the inhomogeneous broaden- 
ing. Therefore the scattering tends to cause a longer spin relaxation time with the increase of temperature. When 
the electron-impurity scattering dominates the whole scattering, the spin relaxation time decreases with increasing 
temperature monotonically, thanks to the increase of the inhomogeneous broadening together with the weak temper- 
ature dependence of the electron-impurity scattering. For samples with high mobility, at low temperature where the 
scattering is determined by the electron-electron Coulomb scattering, a peak appears due to the crossover from the 
degenerate to non-degenerate limits. At high temperature where electrons are in non-degenerate limit, the scattering is 
determined by the electron-electron and electron-phonon scatterings. The calculations show that for small well width 
when only the linear Dresselhaus term is dominant, the temperature dependence of the scattering is stronger and the 
spin relaxation time increases with temperature. However, for wide quantum well, at certain temperature the cubic 
Dresselhaus term becomes dominant. The fast increase of the inhomogeneous broadening from the cubic term over- 
comes the effect from the scattering and the spin relaxation time decreases with temperature. Jiang and Wu further 
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Figure 51: Spin dephasing time r vs. temperature T with spin polaiization P = 2.5 % (a) and P = 75 % (b) under two different impurity levels 
in GaAs (001) quantum well. Curves with dots: Nj = 0; curves with squares: W, = OANg. The spin dephasing times predicted by the simplified 
treatment of D'yakonov-Perel' term (solid curve) and the kinetic spin Bloch equation approach (dots) for Ni = are plotted in the inset for 
comparison. From Weng and Wu L441 . 



introduced strain to change the relative importance of the lin ear a nd cubic D'yakonov-Perel' terms and showed the 
different temperature dependences of the spin relaxation time fSTO*]. This prediction has been realized experimentally 
by HoUeitner et al. in Ref. 1165 511 . where they showed that in n-type two-dimensional InGaAs channels, when the 
linear D'yakonov-Perel' term is suppressed, the spin relaxation time decreases with temperature monotonically, as 
shown in Fig.|53] It is noted for the unstructured quantum well in Fig.|53] where the linear term is important, the spin 
relaxation time increases with temperature. Similar findings were reported by Malinowski et al. 1,6031 . who measured 
the spin relaxation in intrinsic GaAs/AlvGai_vAs quantum wells with different well widths, for temperature higher 
than 80 K as shown in Fig. l54l a). One clearly sees an increase of the spin relaxation time with increasing temperature 
for small well width and a decrease of the spin relaxation time for large well width. Figure l54l' b) shows the theo- 
retical calculation based on the kinetic spin Bloch equations for three small well widths, where the lowest subband 
approximation is valid for the small well widths (6 and 10 nm) and barely valid for the 15 nm well width. All the 
relevant scatterings, such as the electron-electron, electron-hole, electron-phonon and electron-impurity scatterings 
are included in the computation. The peaks in the cases of 10 and 15 nm well widths originate from the competition 
of the linear and cubic D'yakonov-Perel' terms addressed above. 

Similar situation also happens in the density dependence of the spin relaxation time. A peak in the density 
dependence of the spin relaxation time was predicted theoretically and realized experimentally ll609ll . as shown in 
Fig. |55] where the spin relaxation time is plotted against the photoexcited carrier density in a GaAs quantum well at 
room temperature. This peak can be ea sily u nderstood from the relation t, oc [(Q^(k))T*]"', where t* should include 
the effect from the Coulomb scattering iiillillliil. When the system is in the non-degenerate Umit, the average of 
(Q^(k)) is performed at the Boltzmann distribution and is therefore independent of the carrier density. Consequently 
Ts increases with increasing carrier density as t* decreases with the density. However, when the carrier density is 
high enough and the average should be performed using the Fermi distribution, {Q^(k)) becomes density dependent. 
Especially in the strong degenerate limit, (k) ~ kp cc y/N and (Q^(k)) becomes strongly density dependent. Moreover, 
the carrier-carrier Coulomb scattering decreases with increasing density at strong degenerate limit. As a result, the 
spin relaxation time decreases with increasing carrier density. The peak position depends on the competition between 
the inhomogeneous broadening and the scattering. Also the linear and cubic D'yakonov-Perel' terms influence the 
peak position. 

By including the intersubband scatteri ng, e specially the intersubband Coulomb scattering, Weng and Wu studied 
the multisubband effect in spin relaxation [844]. It was discovered that although the higher subband has a much larger 
inhomogeneous broadening, the spin relaxation times of two subbands are identical thanks to the strong intersubband 
Coulomb scattering i844ll . This prediction was later verified experimentally by Zhang et al. 162511 . who studied the 
spin dynamics in a single-barrier heterostructure by time-resolved Kerr rotation. By applying a gate voltage, they 
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Figure 52: Spin dephasing time r, vs. the background temperature T for two GaAs (001) quantum wells with width a = 17.8 nm (•) and 12.7 run 
(♦). The solid curves are the spin dephasing ti me ca lculated with the lowest two subbands included and the dashed curves are those calculated with 
only the lowest subband. From Weng and Wu l844tl . 



effectively manipulated the confinement of the second subband and the measured spin relaxation times of the first and 
second subbands are almost identical at large gate voltage as shown in Fig. l56l c). The big deviations at small gate 
voltages are because that the wavefunctions of the second subband are extended due to the weak confinement and 
hence the intersubband Coulomb scattering becomes weaker 

Finally we address spin relaxation in systems with both the Dresselhaus and Rashba spin-orbit couplings. It has 
been first pointed out by Averkiev and Golub 1 194] that for (001) quantum well with identical Dresselhaus and Rashba 
spin-orbit coupling strengths, when the cubic Dresselhaus term is ignored, the effective magnetic field becomes fixed 
and is aligned along the (110) or (110) direction depending on the sign of the Rashba field. Therefore one obtains 
infinite spin lifetime if the spin polarization is parallel to the effective magnetic field direction. In reality, due to the 
presence of the cubic Dresselhaus term and/or the difference between the Dresselhaus and Rashba spin-orbit coupling 
strengths, the spin life time along the (110) or (110) direction is still finite. But there is strong anisotropy of the spin 
lifetime along different spin polarizations. Cheng and Wu studied this anisotr opy ii nder identical linear Dresselhaus 
and Rashba coupling strengths, but with the cubic Dresselhaus term included 159711 . Stich et al. applied a magnetic 
field parallel to the (110) and (110) directions and obtained large magnetoanisotropy of electron spin dephasing in a 
high mobility (001) GaAs quantum well L199J. The initial spin polarization was obtained by optical pumping and is 
therefore along the growth direction of the quantum well. The experimental setup is illustrated in Fig. lSTl a). Due to 
the mixing of the different anisotropic spin orientations by the magnetic field, they observed different magnetic field 
dependences of the spin dephasing time along the (110) and (110) directions, as shown in Fig. lSTl d). The maximum 
and minimum are determined by the relative strengths of the Dresselhaus and Rashba terms. It is also seen that 
calculation based on the fully microscopic kinetic spin Bloch equations can well reproduce the experimental findings. 



5.4.3. Spin relaxation and dephasing in n-type ( 001 ) GaAs quantum wells far away from the equilibrium 

Due to the full account of the Coulomb scattering, the kinetic spin Bloch equation approach can be applied to 
study spin system far away from the equilibrium. By so called far away from the equilibrium, one refers to the spin 
dynamics with large spin polarization and/or with large in-plane electric field where the hot-electron effect becomes 
significant. 

Weng and Wu first studied the spin relaxation with large initial spin polarization and discovered marked 
increase of the spin relaxation/dephasing time with increasing spin polarization as shown in Fig.lSSl'a). It is noted that 
the plotted spin dephasing time is the inverse of the spin dephasing rate. Therefore one expects a markedly increased 
total spin lifetime. This enhancement is more pronounced in samples with larger mobility, as shown in Fig. l58l b). 
The physics leading to such an increase was identified from the Coulomb Hartree-Fock term. In the presence of the 
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Figure 53: Measured temperature dependence of the spin relaxation time for two-dimensional «-InAsGa channels with a width of 1.5 fim, where 
the cubic in k terms of the Dresselhaus term dominate the spin relaxation. Open and filled squares represent data of channels along [100] and [1 10], 
while the open circles depict the spin relaxation time of the unstructured quantum well. From Holleitner et al. 1 655(1 . 



spin polarization, the Coulomb Hartree-Fock term provides an effective magnetic field along the z-axis: 



" Z ^"(A+qi - .Wl )■ (186) 

This effective magnetic field can be as large as 20 T and effectively blocks the spin precession as the energies of 
the spin-up and -down electrons are no longer detuned. This can be seen clearly from Fig. |59] that by removing the 
longitudinal component of the Hartree-Fock term, the polarization dependence of the spin relaxation time becomes 
pretty mild. It is noted that unlike a real magnetic field which breaks the time-reversal symmetry, the Coulomb 
interaction does not. This can be seen from the fact that the Hartree-Fock term cancels each other after performing 
the summation over all the k states [Eq. ( Il43b 1. Therefore the spin relaxation time with a large effective magnetic 
field is still finite. As the effective magnetic field decreases with temperature, Weng and Wu pointed out that the spin 
relaxation time should decrease with increasing temperature at large spin polarization, in contrast to the case with 
small spin polarization [as shown in Fig.lSTlb)]. 



These predictions have been realized experimentally by Stich et al. 114 IL 14211 and Zhang et al. II327I1 . By changing 
the intensity of the circularly polarized lasers, Stich et al. measured the spin dephasing time in a high mobility «-type 
GaAs quantum well as a function of initial spin polarization as shown in Fig. l60f a). Indeed they observed an increase 
of the spin dephasing time with the increased spin polarization, and the theoretical calculation based on the kinetic spin 
Bloch equations nicely reproduced the experimental findings when the Hartree-Fock term was included [Fig.|60|b)]. 
It was also shown that when the Hartree-Fock term is removed, one does not see any increase of the spin dephasing 
time [Fig.l60l'c)1. Later, they further improved the experiment by replacing the circular-polarized laser pumping with 
the elliptic polarized laser pumping. By doing so, they were able to vary the spin polarization without changing the 
carrier density. Figure. [61] shows the measured spin dephasing times as function of initial spin polarization under 
two fixed pumping intensities, together with the theoretical calculations with and without the Coulomb Hartree-Fock 
term. Again the spin dephasing time increases with the initial spin polarization as predicted and the theoretical 
calculations with the Hartree-Fock term are in good agreement with the experimental data. Moreover, Stich et al. also 
confirmed the prediction of the temperature dependences of the spin dephasing time at low and high spin polarizations 
ll43l . Figure |6^ a) shows the measured temperature dependences of the spin dephasing time at different initial spin 
polarizations. As predicted, the spin dephasing time increases with increasing temperature at small spin polarization 
but decreases at large spin polarization. The theoretical calculations also nicely reproduced the experimental data. 
The hot-electron temperatures in the calculation were taken from the experiment [Fig. l62l b)1. The effective magnetic 
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Figure 54: E lectro n spin relaxation in intrinsic GaAs/AlojsGao esAs quantum wells of a variety of widths, (a) Experimental results from Mali- 
nowski et al. f603']. The solid line represents a quadratic dependence of relaxation rate on temperature. The dashed curve is data on electron spin 
relaxation in bulk GaAs from Maruschak et al. (as reproduced by Meier and Zakharchenya | 3]). From Mahnowski et al. |603]. (b) Theoretical 
calculation via the kinetic spin Bloch equation approach (curves). The dots are data from (a). The parameters are = Ni, = 4 X lO" cm"-, 
Nj = 0.1 Ne, ya = 0.0162 eV-nm'. Here N,, and Ni, are the electron and hole densities respectively, Ni is the impurity density, and ya is the 
spin-orbit splitting parameter. 



field from the Hartree-Fock term has been measured by Zhang et al. ll327ll from the sign switch of the Kerr signal and 
the phase rever sal o f Larmor precessions with a bias voltage in a GaAs heterostructure. 

Korn et al. ll326ll also estimated the average effect by applyin g an external magnetic field in the Faraday configura- 
tion, as shown in Fig. l63l a) for the same sample reported above Hli 14211 . They compared the spin dephasing times of 
both large and small spin polarizations as function of external magnetic field. Due to the effective magnetic field from 
the Hartree-Fock term, the spin relaxation times are different under small external magnetic field but become iden- 
tical when the magnetic field becomes large enough. From the merging point, they estimated the mean value of the 
effective magnetic field is below 0.4 T. They further showed that this effective magnetic field from the Hartree-Fock 
term cannot be compensated by the external magnetic field, because it does not break the time-reversal symmetry and 
is therefore not a genuine magnetic field, as said above. This can be seen from Fig. l63l b) that the spin relaxation time 
at large spin polarization shows identical external magnetic field dependences when the magnetic field is parallel or 
antiparallel to the growth direction. 

The spin dynamics in the presence of a high in-plane electric field was first studied by Weng et al. i569ll in GaAs 
quan tum well with only the lowest subbandby solving the kinetic spin Bloch equations. To avoid the "runaway" effect 
ll849[l850ll . the electric field was calculated upto 1 kV/cm. Then Weng and Wu further introduced the second subband 
into the model and the in-plane electric field was increased upto 3 kV/cm |844]. Zhang et al. included L valley and 
the electric field was further increased upto 7 kV/cm ll845ll . 

The effect of in-plane electric field to the spin relaxation in system with strain wa s inv estigated by Jiang and Wu 

ll570ll . Zhou et al. also investigated the electric-field effect at low lattice temperatures 1 372 1. 

The in-plane electric field leads to two effects, (i) It shifts the center-of-mass of electrons to - m*\d = m*jjE 
■ with j i representing the mobility, which further induces an effective magnetic field via the D'yakonov-PereF term 
115 6911 . The induced effective magnetic field can be estimated by 



B + B* = B + — r fl'kc/k, - A_ . )n(k)/ r flfk(/k, - 



(187) 



(ii) The in-plane electric field also leads to the hot-electron effect 1185 111 . By taking the electron distribution function 
as the drifted Fermi function /ko- - {exp[((k- m*v^/)^/2m* - Ha-) I e\ + in the case with only the lowest subband 
included, the effective magnetic field for small spin polarization can be roughly estimated as 1156911 



(188) 
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Figure 55: CaiTier density dependence of electron spin relaxation time t at room temperature. Dots: experimental data in a GaAs (001) quantum 
well (2D) with a width of 10 nm; open squares: experimental data in bulk material (3D). Solid curve: full theoretical calculation; chain curve: 
theoretical calculation without the spin-flip electron-hole scattering (SFEHS); dashed curve: theoretical calculation without the spin-conserving 
electron-hole scattering (SCEHS); dotted curve: theoretical calculation without the Coulomb Hartree-Fock term. Note the scale of the bulk data is 
on the top frame of the figure. From Teng et al. |609|| . 



with Ef and Ec, the Fermi and confinement energies of the quantum well, respectively. Tc is the hot-electron tem- 
perature. Figure |64T a) shows the spin precession in the presence of a high electric field in a 15 nm quantum well at 
T - 120 K. One finds that the spin precesses even in the absence of any external magnetic field and the spin precession 
frequency changes with the direction of the electric field in the presence of an external magnetic field. The effective 
magnetic field deduced from the spin precessions in Fig. l64T a) is plotted in Fig. l64T b). which is in good agreement 



with the corresponding result from Eq. ( 1188b . 

The spin relaxation time can be eff'ectively manipulated by the in-plane electric field. When only the lowest 
subband is considered, the electric field influences the spin relaxation via concurrent effects of the increase of the 
inhomogeneous broadening by driving electrons to higher momentum states and the increase/decrease (depending on 
the type of scattering and also the degenerate/nondegenerate limit) of scattering from the hot-electron temperature. 
Weng et al. reported rich electric field dependence of the spin relaxation time under various conditions |569]. When 
the electric field is high enough so that higher subbands and/or valleys are involved, due to the different spin-orbit 
coupling strengths and/or effective masses in different subbands and valleys, the spin relaxation time can be manip- 
ulated more effectively 1844. 845,1. This can be seen from Fig. l65l a) and (b) where spin relaxation times are plotted 
against the in-plane electric field in GaAs quantum wells, with the second subband and L valley being populated at 
high electric field, respectively. The inhomogeneous broadening comes from the Dresselhaus terms. In F valley, it 
reads 

hr(kr) = '^{krAkly - <4)), hyiikl) - k^J, {h,){kl^ - k^^)), (189) 

and in L-valley, it reads 

Him 

= KkL,x, kv, {kL,z}) X n,-. (190) 

Here n, is the unit vector along the longitudinal principle axis of L, valley. Note the coordinate system of above 
equations has been given in Ref. [,8521 . kp = k and k^, = k - with K° = ^(1, +1, +1). uq is the lattice constant. 
(kAz) i{k^^)) represents the average of the operator -id/dz - K^, [(-id/dz - ^^.)^] over the electron states in /l-valley. 
Under the infinite-depth assumption, = with n, the subband index and a, the well width. Therefore, 

when the linear-A^ terms are dominant, the inhomogeneous broadening of the second subband in hr(kr) is four times 
as large as the first subband. Also a tight-binding calculation by Fu et al. [142] indicates = 0.026 eV-nm, which is 
much larger than \yY){k^,) ~ 0.001 eV nm when only the lowest subband of the F-valley is considered and the well 
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Figure 56: (a), (b) and (c) Measured spin coherence times for the 1st and 2nd subbands of a single-barrier GaAs/AlAs heterostructure, as the 
wavelength varies for three different conditions: -0.3 V, T; -0.3 V, 2 T and -0.6 V, 2 T. The points are experimental results, and the curve s ar e 
best fittings to the points, (d) and (e) Effective g' factors for the 1st and 2nd subbands plotted as a function of wavelength. From Zhang et al. Ii625ll . 



width is set to be 7.5 nm fS43\. Therefore, the inhomogeneous broadenings of the higher subband and valley are much 
larger It is therefore easy to understand that the spin relaxation time decreases with increasing electric field when 
more electrons are excited to higher subband and/or valley. 

By simply looking at the inhomogeneous broadenings of F and L valleys, one may naively come to the conclusion 
that the spin relaxation rate of elect rons in L valley should be much faster than that in F valley. Also by noticing the 
^-factor of L valley gi - i -77 i853ll . which is also much larger than that of F valley, = -0.44 ll204ll . one may also 
speculate that the spin precession under a magnetic field in the Voigt configuration should be much faster in the L 
valley than in the F valley. Zhang et al. showed both are in fact incorrect |845]. They calculated the spin precessions 
of electrons in F and L valleys in GaAs quantum well with both high in-plane electric field and a magnetic filed in the 
Voigt configuration, and discovered that the spin precession frequencies as well as spin dephasing times of both valleys 
are identical to each other, as shown in Fig. |66] and the "effective" ^-factor of the L valley from the spin precession 
is 0.44, which is in the same magnitude as that of the F valley. The physics leading to these unexpected results was 
revealed due to the strong intervalley electron-phonon scattering. As shown in Fig. [67] where the spin precessions of 
an n-type (001) GaAs quantum well under electric field E - 2 kV/cm are plotted with all the scatterings included (a), 
without the intervalley electron-phonon scattering (b), without the intervalley electron-electron Coulomb scattering 
(c), and without intervalley scattering (d), respectively. It is seen that when the intervalley electron-phonon scattering 
is switched off, the spin polarization in the L valleys decays pretty fast. This is in contrast to the multi-subband case 
addressed in the previous subsection where the inter-subband Coulomb scattering is the cause of the identical spin 
relaxation times of each subband. 

5.4.4. Effect of the Coulomb scattering to the spin dephasing and relaxation 

As addressed in the previous subsections, the Coulomb scattering can contribute to the spin dephasing and relax- 
ation due to the D'yakonov-PereF mechanism. A natural question would be how the Coulomb scattering changes 
the spin dephasing/relaxation time. Glazov and Ivchenko pointed out that the Coulomb scattering can prolong the 
spin dephasing/relaxation time limited by the D'yakonov-PereF mechanism. Weng et al. compared the electron spin 
dephasing ti mes in (001) GaAs quantum well with and without the Coulomb scattering in the presence of an in-plane 
electric field i569ll . As shown in Fig. l68l a). in which the spin dephasing times with and without the Coulomb scatter- 
ing are plotted against in-plane electric field. It is seen that adding Coulomb scattering always leads to a longer spin 
dephasing time both near (at E ~ Q) and far away from (with hot-electron effect) the equilibrium. This looks quite 
contradictory to the previous understanding of optical dephasing ll833ll where adding a Coulomb scattering always 
leads to a shorter optical dephasing time. Also as stated in Sec. I5.2l that in the presence of the inhomogeneous broad- 
ening, adding a new scattering leads to a new depha sing channel. How can the additional "channel" leads to a longer 
spin dephasing time? To understand this, Lii et al. 136311 put a scaling coefficient y in front of the D'yakonov-PereF 
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Figure 57: (a) Schematic of the time-resolved Faraday rotation experiment. In-plane magnetic fields are applied either in the [110] or [110] 
directions, (b) Sketch of the precession of optically oriented spins about a [lIO] in-plane magnetic field, (c) Sketch of the precession of optically 
oriented spins about a [110] in-plane magnetic field, (d) Comparison of the experimental (solid symbols) and theoretically calculated (open 
symbols) spin dephasing times for dilferent in-plane m agne tic-field directions in GaAs (001) quantum well, a and yS are the Rashba and Dresselhaus 
spin-orbit coefficients, respectively. From Stich et al. I19SII . 



term and compared the spin dephasing times of electrons, heavy holes and light holes in (001) GaAs quantum well 
with and without the Coulomb scattering as function of y. As shown in Fig. l68l b) and (c), for larger y, i.e., in the 
weak scattering limit, adding Coulomb scattering always leads to a shorter spin dephasing time. However, for small 
7, i.e., in the strong scattering limit, adding Coulomb scattering leads to a longer spin dephasing time. This can be 
understood as follows: In the weak scattering limit, the counter effect of the scattering to the inhomogeneous broad- 
ening is pretty weak, and the only effect of the scattering is an additional spin dephasing channel. However, in the 
strong scattering limit, the counter effect of the scattering is more pronounced and hence the spin dephasing time is 
increased by adding the Coulomb scattering. It is noted that y = 1 corresponds to the genuine case and from the figure 
one notices that electrons happen to be in the strong scatterign limit. Therefore adding the Coulomb scattering leads 
to a longer spin dephasing time. However, both heavy and light holes are in the weak scattering limit. Consequently 
adding the Coulomb scattering makes the spin dephasing time shorter. In fact, for optical dephasing problem, the in- 
homogeneous broadening in Eq. ( 1140b happens to be in the weak scattering limit. Therefore, the Coulomb scattering 
always brings a shorter optical dephasing time |833]. 

The strong/weak scattering limit can be measured by ^ = |g*//Bn(k)|T*. When ^ » 1 (<k 1), the system is in the 
weak (strong) scattering limit. Here r* is the effective momentum scatterin g tirn e from not only the carrier-phonon 



and carrier-impurity scatterings, but also from the Coulomb scattering 1 591 . 615[l . It is also noted that the regime of 
strong and weak scattering can be changed even for th e same sample by temperature. It has been shown by Harley 
group 1 368 , 591 1 and also later by Stich et al. li4llll99tl that at low temperature electrons in high mobility (001) GaAs 



quantum well can be in the weak scattering limit. Also for holes in p-type (001) GaAs quantum wells, Lii et al. have 
shown that the system can be changed from the weak scattering limit to the strong one by impurity densitj0 and 
temperature, etc. i363ll . In fact, in the strong (weak) scattering limit, besides the Coulomb scattering, adding any 
scattering, can cause a longer (shorter) spin dephasing/relaxation time. 

5.4.5. Non-Markovian effect in the weak scattering limit 

As stated in Sec. 15.31 the scattering terms of the kinetic spin Bloch equations are given by Eqs. ( |159t and (II6OI 1, 
which are time-integrals. By applying the Markovian approximation [Eq. ( II6II 1I, one can carry out the time-integral 
and the scattering terms are simplified to Eq. (I162l i. where one has the energy conservation [(5-functions in Eq. (II6II 1I 
and the trace of the history disappears. This approximation is valid only in the strong scattering limit where the 
spin precession between two adjacent scatterings is negligible. However, in the weak scattering limit, electron spin 



It is noted that the impurity density should be 1/4 of the value presented in Ref. l363ll . 
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Figure 58: (a) Spin dephasing time r vs. tlie initial spin polarization P of electrons in GaAs (001) quantum well at different temperatures. The 
impurity density W, = 0. (b) Spin dephasing time t vs. the initial spin polarization P at T = 120 K for different impurity levels. Dots (•): Ni = 0; 
Diamonds (♦): Nj = O.OlA'f ; Squares (■): Nj = OANg. The curves are plotted for the aid of eyes. From Weng and Wu I44il . 



can experience many precessions between two scattering events, and the Markovian approximation is invalid. In 
this circumstance one has to trace back the history by carrying out the time integral. Hence the dynamics becomes 
non-Markovian. 

Glazov and Sherman first investigated the e lectron spin relaxation in GaAs quantum wells under a strong mag- 



netic field by the Monte Carlo simulation 038111 . They reported a longer non-Markovian spin relaxation time Il381[l . 



Zhang and Wu studied t he no n-Markovian hole spin dynamics in /5-type GaAs quantum wells using kinetic spin 



Bloch equation approach 1185411 . By performing time derivative of the time integral in Eq. (1160b . they transferred the 
integrodifFerential kinetic spin Bloch equations in non-Markovian limit to a larger set of differential equations. They 
compared the time evolutions of the incoherently summed spin coherence of heavy holes in both the Markovian and 
non-Markovian limits at different Rashba strengths. From the decay of the incoherently summed spin coherence, one 
may extract As shown in Fig. l69l d). in the strong scattering limit, both approaches yield the same spin dephasing 
time. Nevertheless, in the weak scattering limit, the non-Markovian kinetics gives a longer hole spin dephasing time, 
which is in good agreement with the prediction of Glazov and Sherman |381]. The physics behind this phenomena 
is easily understood from the nature of non-Markovian scattering, which keeps some memory of the coherence dur- 
ing the scattering. What is most important is that they predicted quantum spin beats when the spin precession time 
is comparable to the momentum scattering time. The beats are solely from the non-Markovian effect (or memory 
effect), with the beating frequency being exactly the longitudinal optical-phonon frequency [see Fig. |69l b) and (c)]. 
The q uantu m spin beats are similar to the longitudinal optical-phonon quantum beats in optical four wave mixing 
signal i 855ll . However, a measurement of these quantum spin beats cannot be performed by the regular Faraday /Kerr 
rotation measurement. A possible way is through the spin echo measurement. 

5.4.6. Electron spin relaxation due to the Bir-Aronov-Pikus mechanism in intrinsic and p-type GaAs quantum wells 
It has long been believed in the literature that the Bir-Aronov-Pikus mechanism is dominan t at low temperature 



in p-type samples and has important contribution to intrinsic sample with high photo-excitation 115741 l687l - l689l 1693 



856i 185711. These conclusions were made based on Eq. ( |66] | from the Fermi Golden rule, which in (001) quantum well 
reads lll09ll 

1— = 47r y 5(4 „ - 4 + 4 - 4 „)|M(K - q)lVk'-„(l " /r) (191) 



Instead of which is measured from the Faraday/Kerr rotation experiment. 
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Figure 59: Spin dephasing time r vs. the initial spin polarization P for T = 120 K and Nj = in GaAs (001) quantum well. Dots (•): With the 
longitudinal component of the Hartree-Fock term included; Diamonds (♦): Without the longitudinal component of the Hartree-Fock term. The 
curves are plotted for the aid of eyes. From Weng and Wu Ii44i1 . 



with K = k + k' and 



l6\4>3D(0)r 



y /,,fe)(K-q)2 
4^ ^2 + (K_q)2 



(192) 



Here AElt is the longitudinal-transverse s plitting iri bulk. |03d(O)P - l/{na^) denotes the bulk exciton state at zero 
relative distance. feAlz) is the form factor II1091 I 1 18ll . In the meantime, the spin relaxation time from the D'yakonov- 



Perel' mechanism used for comparison was calculated without the Coulomb scattering which has been demonstrated 
to be important in the previous sections. 



Zhou and Wu reexamined the problem using the fully microscopic kinetic spin Bloch equation approach II109I1 . 
They constructed the kinetic spin Bloch equations in intrinsic and p-type (001) GaAs quantum wells with the electron- 
phonon, electron-impurity, electron-electron Coulomb and electron-heavy hole Coulomb scatterings explicitly in- 
cluded. The electron-heavy hole Coulomb scattering includes the spin-conserving scattering and the spin-flip scatter- 
ing (the Bir-Aronov-Pikus term). They also extended the screening under the random phase approximation Eq. ( |169l l 
to include the contribution from heavy holes: 



e(q) = 1 - ^ vg/,(^j) ^ 



f\i+%(T fk,a 



"k+q 



- X ^e/'»(?z) Yj 



■^k'+q,cr J\i\t 



"k'+q 



- e 



(193) 



where fe(qz) and fhiq^) are the form factors 1110911 . The scattering terms from the spin-flip electron-heavy hole ex- 
change interaction (Bir-Aronov-Pikus term) read 



-9/k, 



dt 



dpk 
dt 



BAP 



BAP 



-2n 2, - 4 + 4 - 4'-^)mK - q)|^ 

k',q 



X[(l - fk',cr)f^-^.-jKM - A-^,-a) - ft^Jl - /;'-_q,_,)(l " /k,<.)/k-q,-<.] , 

Z ^(4-q - < + 4 - 4-q)IMK - q)f 

k',q,(T 

X[(l - fk',JfL^.-M - /k-q.-^)Pk + /^',,^(1 - /^',_q,_J/k-q,.Pk]. 



(194) 

(195) 
(196) 
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Figure 60: (a) Normalized time-resolved Faraday rotation traces for different degrees of initial electron spin polarization, P in GaAs (001) quantum 
well. The total densities of electrons, n,„ = + n'^^l, are 2.19, 2.66, 3.83, 8.39 (in units of lO" cm"^) foj. p = j go/^^ ig^j,^ 30%^ respectively, 
(b) Calculated spin decay curves for the experimental parameters, like initial spin polarization, total electron densities, electron mobility, and 
temperature T = 4.5 K (solid lines). In the calculation, a phenomenological decay time is incorporated as a single fitting parameter r (see text). The 
dashed curve for P = 30% is calculated for a hot electron temperature of Tg = 120 K. (c) Same as (b) but calculated without the Hartree-Fock term. 
In particular for large P the decay is much faster than in the experiments [cf. (a)]. The inset shows the data, displayed in (b), in a semilogarithmic 
plot. At low P the zero-field oscillations are superimposed. From Stich et al. ||41|1 . 



It is noted from Eq. (I194l i that there are quadratic terms in the sense of the electron distribution function /ko-. This 
immediately implies that one cannot recover Eq. (I191l l from the Fermi Golden rule. The only way to recover Eq. ( 1191b 



is under the elastic scattering approximation: ^ » e^, and e^, ^ b'Ij^^ where the quadratic terms exactly cancel each 
other and the spin relaxation time is given by Eq. ( |191t . It is well known that the elastic scattering approximation is 
valid only in the non-degenerate regime at high temperatures. When the temperature is low enough so that electrons 
are degenerate, the elastic scattering approximation is not valid any more. Therefore the quadratic terms become un- 



negligible. In fact, the terms (1 - /k-q,-(r) and (1 - /k(j) in Eq. ( 1194b come from the Pauli blocking, which reduces the 
spin relaxation rate. Therefore the Bir-Aronov-Pikus mechanism becomes less import ant at low temperatures w hen 
the Pauli blocking becomes important. This effect was missing in the literature |574, 687 - 6891 69 3i 856l 857 1. In 
Fig. iTOf a). the spin relaxation times due to the Bir-Aronov-Pikus mechanism in intrinsic GaAs quantum well calcu- 
lated from the full spin-flip electron-hole exchange scattering [Eq. ( |194b l are compared with those without the Pauli 
blocking at different pumping densities. It is seen that the previous calculations based on Eq. (1191b always overesti- 
mate the importance of the Bir-Aronov-Pikus mechanism at low temperatures. In Fig. lTOl b). the spin relaxation times 
of intrinsic GaAs quantum wells due to the Bir-Aronov-Pikus mechanism and the D'yakonov-Perel' mechanism are 
compared at different photo-excitations. It is seen that instead of being important at low temperature, the Bir-Aronov- 
Pikus mechanism is even negligible at low temperature when the Pauli blocking becomes important. Two errors in 
the previous treatment may cause the incorrect conclusion that the Bir-Aronov-Pikus mechanism is dominant at low 
temperature: (i) The previous theory overlooked the Pauli blocking and hence overestimated the importance of the 
Bir-Aronov-Pikus mechanism; (ii) It overlooked the contribution of the Coulomb scattering to the D'yakonov-PereF 
mechanism and thus underestimated the importance of the D'yakonov-PereF mechanism. It is also noted that the tem- 
perature at which the Bir-Aronov-Pikus may have some contribution is around the hole Fermi temperature. Similar 
conclusions were also obtained in /?-type GaAs quantum wells il09ll . 

Later, Zhou et al. performed a thorough investigation of electron spin relaxation in /?-type ( 001) GaAs quantum 
wells by varying impurity, hole and photo-excited electron densities over a wide range of values llll2ll . under the idea 
that very high impurity density and very low photo-excited electron density may effectively suppress the importance 
of the D'yakonov-PereF mechanism and the Pauli blocking. Then the relative importance of the Bir-Aronov-Pikus 
and D'yakonov-PereF mechanisms may be reversed. This indeed happens as shown in the phase-diagram-like picture 
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Figure 61: GaAs (001) quantum well: (a) The spin dephasing times as a function of initial spin polarization for constant, low excitation density and 
variable polarization degree of the pump beam. The measured spin dephasing times are compared to calculations with and without the Hartree- 
Fock (HF) term, showing its importance, (b) The spin dephasing times measured and calculated for constant, high excitation density and variable 
polarization degree. From Stich et al. i42l . 
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Figure 62: GaAs (001) quantum well: (a) Spin dephasing time as a function of sample temperature, for different initial spin polarizations. The 
measured data points are represented by solid points, while the calculated data are represented by lines of the same colour (b) Electron temperature 
determined from intensity-dependent photoilluminance measurements as a function of the nominal sample temperature, for different pump beam 
fluence and initial spin polarization, under experimental conditions corresponding to the measurements shown in (a). The measured data points are 
represented by solid points, while the curves serve as guide to the eye. From Stich et al. (42]. 



in Fig. |7T| where the relative importance of the Bir-Aronov-Pikus and D'yakonov-PereF mechanisms is plotted as 
function of hole density and temperature at low and high impurity densities and photo-excitation densities. For the 
situation of high hole density they even included multi-hole subbands as well as the light hole band. It is interesting 
to see from the figures that at relatively high photo-excitations, the Bir-Aronov-Pikus mechanism becomes more im- 
portant than the D'yakonov-PereF mechanism only at high hole densities and high temperatures (around hole Fermi 
temperature) when the impurity is very low [zero in Fig.|7Tfa)]. Impurities can suppress the D'yakonov-PereF mech- 
anism and hence enhance the relative importance of the Bir-Aronov-Pikus mechanism. As a result, the temperature 
regime is extended, ranging from the hole Fermi temperature to the electron Fermi temperature for high hole density. 
When the photo-excitation is weak so that the Pauli blocking is less important, the temperature regime where the 
Bir-Aronov-Pikus mechanism is important becomes wider compared to the high excitation case. In particular, if the 
impurity density is high enough and the photo-excitation is so low that the electron Fermi temperature is below the 
lowest temperature of the investigation, the Bir-Aronov-Pikus mechanism can dominate the whole temperature regime 
of the investigation at sufficiently high hole density, as shown in Fig.lTlTd). The corresponding spin relaxation times 
of each mechanism under high or low impurity and photo-excitation densities are demonstrated in Fig. |72] They also 
discussed the density dependences of spin relaxation with some intriguing properties related to the high hole subbands 
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Figure 63: (a) Spin deptiasing times as a function of an external magnetic field perpendicular to the quantum well plane for small and large initial 
spin polarization in GaAs (001) quantum well, (b) Same as (a) for large initial spin polarization and both polarities of the external magnetic field. 
From Kom et al. 13261 . 
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Figure 64: (a) Electron densities of spin-up and -down electrons and the incoherently summed spin coherence p vs. time ( for GaAs (001) 
quantum well (the well width is 15 nm) with initial spin polarization P = 2.5 % under dilferent electric fields E = 0.5 kV/cm (solid curves) and 
E = -0.5 kV/cm (dashed curves). Top panel: B = T; bottom panel: B = 4 T. Note the scale of the spin coherence is on the right side of the figure 
and the scale of the top panel is dift'erent from that of the bottom one. (b) Net elfective magnetic field B' from the D'yakonov-Perel' term v^. the 
drift velocity Vd atT = 120 K with impurity density Nj = 0. The solid curve is the corresponding result from Eq. U88t . From Weng et al. |569|| . 



The predicted Pauli -blocking effect in the Bir-Aronov-Pikus mechanism has been partially demonstrated experi- 



mentally by Yang et al. 1168 ill , as shown in Fig.|23] They showed by increasing the pumping density, the temperature 
dependence of the spin dephasing time deviates from the one from the Bir-Aronov-Pikus mechanism and the peaks at 
high excitations agree well with those predicted by Zhou and Wu [ilO90 . 

5.4.7. Spin dynamics in the presence of a strong THz laser field in quantum wells with strong spin-orbit coupling 

The influence of a strong THz field, which can eff'ectively change the electron orbital momentums and significantly 
modify the electron density of states, has been extensively stud ied in spi n-unrelated problems such as the dynamic 
Franz-Keldysh eff'ect and optical side-band eff^ect Hill Ell 111 [lilliMl. So far, the appHcation of strong THz field 
to the spin systems is very limited and only in theory. Johnsen is the first one who investigated the optical sideband 
generation in systems with spin-orbit coupling and suggested the formation of odd sidebands which are otherwise 
absent without the spin-orbit coupling Il859ll . Cheng and Wu showed theoretically that in InAs quantum wells, a 
strong in-pla ne TH z electric field can induce a large spin polarization oscillating at the same frequency of the THz 
driving field ll84lll . Later Jiang et al. and Zhou suggested similar eff'ects i n single charge d InAs quantum dots i860ll 
and in p-typeGaAs (001) quantum wells |861]. These calculations in Refs. ll84ll 8591 - 861 1 are performed without any 



dissipation. However, in reality, due to the scattering there is spin dephasing and relaxation. Whether the large spin 
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Figure 65: GaAs (001) quantum wells: (a) Spin dephasing time vs. the applied electric field E at different temperatures and well widths: •, 
T = 120 K; r = 200 K; Solid curves, a = 17.8 nm; Dashed curves, a = 12.7 nm. Inset: The corresponding electron temperature as a function 
of the electric field. From Weng and Wu I844il . (b) Spin relaxation time t i'.v. electric filed E when temperature 7=300 (solid curves), 200 (dashed 
curves) and 100 K (chain curves) with B = Ni = 0. Inset: fraction of electrons in L valleys against electric field. From Zhang et al. [845.1 . 
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Figure 66: Temporal evolution of spin po lariza tion in A valley (A = F, L) of GaAs (001) quantum well with electric field E = 1 kV/cm and 
magnetic field B = 4 T. From Zhang et al. l845ll . 



polarization oscillations are still kept in the presence of the dissipation is unanswered in Refs. 11841 .iialMlll. Also the 



THz field can effectively affect the density of states, and also cause the hot-electron effect, which in turn should have 
pronounced effect on the spin relaxation/dephasing. To answer these questions, Jiang et al. extended the kinetic spin 
Bloch equations to study the spin kinetics in the presence of strong THz laser fields via the Floquet-Markov approach, 
first in quantum dots [482] then in quantum wells [[69|1 . Their investigation suggested that the dissipation does not 
block large THz spin polarization oscillations and the spin relaxation and dephasing can be effectively manipulated 
by the THz field. 

In the Coulomb gauge A(f) = Ecos{Q.t)/Q. and the scalar potential = 0, the electron Hamiltonian in a (001) 
quantum well with small well width along the z-axis reads 

//, = ^//o-'^'(k,f)^I/k<^^ (197) 



kcro-' 



with 



Ho(k,f) = y 1 + aT,{&A- - ^vlk. + eAm 
2m 

- {fik + jE^x^ cos(Qf) + £'em[l + cos(2Qf)]}l + ajt,(&xky - &ykjc) - a-g^a-yeE cos(Qf)/fi. (198) 
Here et = Je - -^^^ and iSem = 4^^- ^ the Thz frequency and q-r is the Rashba coefficient. It is noted that 
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Figure 67: Spin polarization |P,i| vs. t under electric field E = 2 kV/cm in GaAs (001) quantum well. Solid curve: T valley; dashed curve: L valley; 
and chain curve: the total, (a): with both the intervalley electron-phonon scattering (//p j^) and intervalley electron-electron Coulomb scattering 
(//f:y ; (b): without H^^^; (c): without ; and (d): without //f:^ and Hl'^. T = 300 K and Ni = B = 0. From Zhang et al. I.843h . 



the last term manifests that the THz electric field acts as a THz magnetic field along the y axis 

figfr = -2aRe£cos(Qf)/ igUBm , (199) 

where g is the electron g-factor. We will show later that this THz-field-induced eff'ective magnetic field has many 
important efl'ec ts on spin kinetics. The term proportional to E^^ is responsible for the dynamical Franz-Keldysh effect 
1 84lU862ll863ll . This term does not contain any dynamic variable of the electron system and thus has no effect on 
the kinetics of the electron system. Usually, the largest time-periodic term is the term 7'£^iQcos(Qf), where the 
sideband eff'ect mainly comes from. Under an intense THz field, this term can be comparable to or larger than ey^. The 
Hamiltonian of the scattering remains all the same as before, e.g., Eqs. ( 1152111541 . 
The Schrodinger equation for electron with momentum k reads 

idt'V^it) ^ m\i,tWt). (200) 



According to the Floquet theory 1186411 . the solution to the above equation is 

>Pk,(f) = e'kr-<aKr^j(^)^^^(f)g-.[r.*,sin(no+£™r+£™^] ^ g,k.r^^(^)^-,[y,/.,sin(no+£™r+£™^]^ (201) 

with T] - ± denoting the spin branch and 0i (z) being the wavefunction of the lowest subband. ^k;;(0 = e^'-^'' Yjna- ^^^'"^'Xcr 
where yk;; and are the eigen-values and eigen-vectors of the equation 

{y\^-nQ.)v^^ = ^aKeE{v^_y_^ + v^_^i_^) + aR(ky + io-k,)v^_^. (202) 

This equation is equivalent to Eq. (2) in Ref. |841]. For each k, the spinors {|^k;7(0)) at any time t form a complete- 
orthogonal basis of the spin space |482, 865, 866]. The time evolution operator for state k can be written as 

L^^(k, f , 0) = Yj l^k;,(0><^k;,(0)|e"''''''''*'''^'^' sin(n/)]g-i[£.„r+£.„ sin(2n/)/(2n)] ^ (203) 

n 
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Figure 68: (a ) Spi n depliasing time in GaAs (001) quantum wells with (close circles) and without (open circles) the Coulomb scattering. From 
Weng et al. 156911 . (b) and (c): Spin dephasing time vs. the scaling coefficient of the D'yakonov-Perel' term y for T = 120 K and 300 K, 
respectively. The solid (dashed) curves are the results with (with out) the Coulomb scattering. ■: Electrons; A: light holes; •; heavy holes. The 
impurity density Ni = and magnetic field B = 0. From Lii et al. l363ll . 



At zero temperature and in the absence of any scattering, the spectral function is 1184 ih 



A(k;/i,/2) = Yj %(^^ti)'i>l(^'t2), (204) 

from which the density matrix reads 



(2nY j 



pin ,h)^ -7-^ t/kA(k; f 1 , fz). (205) 



Note p{t\,t2) is a 2x2 matrix in the spin space. In the collinear spin space, p|-f = p^. The average magnetic moment 
from the THz field (along the x-axis) and the Rashba field is given by 

M{T) = (0, f ' du) Impi |(w, r), 0) , (206) 

1 rEf{T) 

with Ef(T) determined from no- - da>pa-.A(^^ T). Here T - (t\ + f2)/2 and cd is Fourier transferred from 

t = t\ - t2. Figure 1741 shows the average magnetic moment My versus the time T at different electric fields and THz 
frequencies. It is seen that a THz magnetic signal is effectively induced by the THz electric one. 

To extend the kinetic spin Bloch equations to the situation with an intense THz field, Jiang et al. pointed out 
ll69t l that it is insufficient to include this field only in the driving term as in the previous investigation of the hot- 
electron effect where a static electric field is applied 1,372. ,569.] . The correct way is to evaluate the collision inte- 



gral with the Floquet wavefunctions, i.e., the solution of the time-dependent Schrodinger equation Eq. ( I200I I 118671] . 
Moreover, the Markovian approximation should be made with respect to the spectrum determined by the Floquet 
wavefunctions [867]. These improvements constitute the Floquet-Markov approach ]865. 867], which works well 
when the driven system is in dynamically stable regime and the system-reservoir coupling can be treated pertur- 
batively. With the Floquet-Markov approach and by projecting the density matrix in the Floquet picture p^(f) — 
[/q' (k, t, O)pk(0t^o(k, f, 0), the kinetic spin Bloch equations read 

d,pi{t)= drpi(t)l^^ + d,pl{t)l^^,, (207) 

where (9/pj^(0lcoh and d,p^{t)\^cax are the coherent and scattering terms, respectively. The coherent terms, which de- 
scribe the coherent precession determined by the electron Hamiltonian Hg and the Hartree-Fock contribution of the 
electron-electron Coulomb interaction, can be written as 

d,pi{t)l^^ = /2^''-'''*l'^^'^^^l'[^''''''(^'^^^k'(05k',k(f,0), pi:(f)]. (208) 
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Figure 69: Time evolutions of the incoherently summed spin coherence phh of heavy holes in GaAs (001) quantum wells with Rashba spin-orbit 
coupling strength (a) y™'' E-mo/h^ =6.25 nm, (b) 2.5 nm, (c) 0.625 nm and (d) 0.25 nm, respectively, yjj"" is the Rashba coefficient and E- is the 
electic field from the gate voltage |363]. Correspondingly, the mean spin precession time H"' is (a) 0.046 ps, (b) 0.116 ps, (c) 0.463 ps and (d) 
1.160 ps. Solid curv e: in non-Markovian limit; Dashed curve: in Markovian limit. The well width a = 5 nm and ffie temperature T = 300 K. From 
Zhang and Wu ISSil . 



Here £^p(k, f) - - 2k',?- ^k-k',?J^('?z)PPk''^0 is the Coulomb Hartxee-Fock self-energy. The scattering terms are 
composed of terms due to the electron-impurity (dip^\^^), electron-phonon (5,p^|^ ) and electron-electron (d,p^\^^) 



scatterings, respectively. Under the generalized Kadanoff-Baym Ansatz 1183311 . these scattering terms read (169| 



\i' ,q-,n 



(209) 



2 7T\MAM-k%,fWqzf 



<KVu',,A'""''^V)Pk"*"-"''V) - A^Ik-k',,A''"''^'(OPk^"*''^''''(0)} + - 



(210) 



k',k",«,«' 

X6{nn + -s^,„, - ek,3 + Sk",, - ^k"-k.k',,)(p^r<''*''^V)pf '''^'''V)Pkf^t'^^(OPkf<'''''^'(0 

-Pkr''''''^V)pr'^'''V)Pkf L'k'(0Pk'^'''''^V))} + - ^fl. (211) 



In these equations, A^j'k-k' q ~ ^-i,k-k',?. + 5(1 ±1) stands for the phonon number, n, is the impurity density,/)^ = l-pk, 
p^ = Pk, and SkT; = ek + ykir 



^k'!k (^'0) = <^k'„(f)i^k,,(f)y'^^'" 



'T(Ek' -ek)'+y£ siii(n/)(i;-<:. 



/Y(nn+£k/,j-ek,,) 



(212) 



with 



ainKll'll) _ \^ pk';;i* pk 
'^k',k - /_^^mcr 
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Figure 70: GaAs (001) quantum wells: (a) Spin relaxation time due to the Bir-Aronov-Pikus mechanism with full spin-flip electron-hole exchange 
scattering (solid curves) and with only the linear terms in the spin-flip electron-hole exchange scattering (dotted curves) at difl'erent electron densities 
against temperature T. no = lO" cm"-, (b) Spin relaxation time due to the Bir-Aronov-Pikus (solid curves) and D'yakonov-Perel' (dashed curves) 
mechanisms and the total spin relaxation time (dash-dotted curves) vs. temperature T in intrinsic quantum wells at difl'erent densities (n = p = 2, 
4, 6no) when well width a = 20 nm and impurity density n, = n. no = 10" cm"^. From Zhou and Wu LlOfti 
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Figure 71: Ratio of the spin relaxation time due to the Bir-Aronov-Pikus mechanism to that due to the D'yakonov-PereF mechanism, tbap/^dp, 
in GaAs (001) quantum wells as function of temperature and hole density with (a) W, = 0, Nex = lO" cm"^; (b) Nj = 0, Wf , = lO' cm"^; (c) 
Ni = Nh, Nex = 10" cm-2; (d) Ni = Nh, = lO' cm . The black dashed curves indicate the cases satisfying tbap/'J'dp = 1- Note the 
smaller the ratio tbap/tdp is, the more important the Bir-Aronov-Pikus mechanism becomes. The yellow solid curves indicate the cases satis fyin g 
+A'uh<^']/^/'a^'' = O-l- In the regime above the yellow curve the multi-hole-subband effect becomes significant. From Zhou et al. II 12ll . 



Here F„^ - 2,„ yj^,,, a-JmijEkx) with Jm{x) standing for the m-th order Bessel function. 

^k',k'V,0) = {^i.',Smv,Me'^'^''"''' ^Yj^'C'M^^^^^ (214) 

n 

with 

^ ~ / j "m <T "n+m cr- 

nuT 

{77 <-> 77') Stands for the same terms as in the previous {) but with the interchange 77 «-> 77'. The term of the electron- 
electron scattering is quite different from those of the electron-impurity and electron-phonon scattering, as the mo- 
mentum conservation eliminates the term of e'^*^ smcnr)/:, 

The above equations clearly show the sideband effects, i.e., nQ. in the i5-functions. The extra energy, nQ, is 
provided by the THz field during each scattering process. This makes transitions from the low-energy states (small K) 
to high-energy ones (large K) become possible, even through the elastic electron-impurity scattering. These processes 
are the sideband-modulated scattering processes. 

The kinetic spin Bloch equations are solved numerically. After that, p^*'''' V) for each k is obtained. From 

""'>(?) = <^K„(o)if/;; '(k, f, o)pk(f)j/,';(k, ?, o)i^k,'(o)> = <^k,(oiPk(f)i^k,'(f)>, (216) 
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Figure 72: Spin relaxation times of electrons in GaAs (001) quantum wells due to the D'yakonov-Perel' and Bir-Aronov-Pikus mechanisms, the 
total spin relaxation time together with the ratio tbap/^dp temperature T for N^^ = lO' cm"^ (curves with •), 3 X lO'" cm"^ (curves with A) 
and lO" cm"^ (curves with ■) with hole density Nh = 5 X lO" cm"^ and impurity densities (a) A', = and (b) Ni = Nh- The electron Fermi 
temperatures for those excitation densities are = 0.41, 12.4 and 41 5 K respectively. The hole Fermi temperature is = 124 K. Note the scale 
of ■''BAP /tdp is on the light-hand side of the frame. From Zhou et al. 

by performing a unitary transformation, one comes to the single particle density matrix pk(f) in the coUinear basis 
{|cr)} which is composed by the eigen-states of &,. In this spin space, the spin polarization along any direction can be 
obtained readily, e.g., 5,7 = 2k ^(Pk^ ~ P^)^ ^ x - Tj\i R^IPk^l ^nd 5 y = - 2k lni{p[~^). From the temporal evolution of 
5 2, the spin relaxation time is extracted. 

By numerically solving the kinetic spin Bloch equations with all the scattering included, Jiang et al. showed that 
with dissipation, the THz field can still pump a large (several percent) spin polarization which oscillates at the same 
frequency with the THz field, as show n in Fig. |75] This feature coincides with what predicted by Cheng and Wu in 
the dissipation-free investigation 184 ill . What differs from the previous case is shown in Fig.|75]that there is a delay 
of Sy with respect to the THz-field induced magnetic field Betf- This delay is due to the retarded response of the spin 
polarization to the spin pumping caused by the THz field. The amplitude of the steady-state spin polarization S^l (the 
peak value of 5v) depends on the THz field strength and the THz frequency. These features have been addressed in 
detail in Ref. ll69l . 

Apart from pumping THz spin polarizations, the THz field can efi'ectively manipulate the electron density of 
states and cause the hot-electron effect. Both in turn can lead to the manipulation of the spin relaxation and dephasing. 
Figure|76]shows the dependence of the spin relaxation time on the THz field strength at different impurity densities (a) 
and temperatures (b), together with the corresponding hot-electron temperatures (c). Two consequences of the THz 
field lead to the rich behaviors in the figure: (i) the total THz field-induced effective magnetic field B[B - BetF + fiav 
with Bav(0 = '^aR{kx)l(\g\lJ^B) from the Rashba spin-orbit coupling] and (ii) the hot-electron effect. Effect (i) can give 
a magnetic field as large as several tesla [2.6 T per 1 kV/cm THz field with v = D./{2n) = 0.65 THz]. This effective 
magnetic field blocks the inhomogeneous broadening from the Rashba spin-orbit coupling and thus elongates the 
spin relaxation time. Effect (ii) leads to the enhancement of momentum scattering as well as the inhomogeneous 
broadening, while the enhancement of the inhomogeneous broadening tends to shorten the spin relaxation time, the 
boost of the scattering tends to increase (or decrease) the spin relaxation time in the strong (or weak) scattering limit 
as discussed in the previous sections. Similarly the spin relaxation time can also be manipulated by the THz frequency 
as shown in Fig.lTTl 
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Figure 73: KeiT rotation of the 1/3 monolayer InAs sample at different temperatures measured at B = 0.82 T. The pumping density is about 1.5 
xlO"/cm^. The temperature dependence of the electron spin decoherence time r| and the effective g-factor are shown in (b) and (c), respectively. 
Th e T' of 1/3 monolayer InAs sample with various pumping density at low temperature as specified is also shown for comparison. From Yang et 
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Figure 74: The average magnetic moment M, vs. the time of InAs (001) quantum well at £" = 1, 4, 7 and 10 kV/cm for fixed f2 = 1 THz (a) at 
n = 0.4, 1, 2 and 4 THz for fixed £ = 3 kV/cm (b). The electron density isN = lO" cm"^ ^mm Cheng and Wu [841]- 



5.4.8. Spin relaxation and dephasing in GaAs (110) quantum wells 

In symmetric GaAs (110) quantum wells, the D'yakonov-Perel' term mainly comes from the Dresselhaus term 
which reads 



g/ifinf (k) = y^[-{kl + 2k]){n\kM') + {n\kl\n')], 
g//BQ""'(k) = Ay^kMn\kM'), 
g//BQf(k) = y^(kl-2kl-{n\kl\n'))5„„.. 



(217) 
(218) 
(219) 



where («|A:f |n') - J dz(f>l(z)(-id/dz)'"<pn'(z) with (f>„(z) representing the envelope function of the electron in n-th 
subband. As {n\k,\n} = {n\k^\n) - 0, when only the lowest subband is relevant, the effective magnetic fi eld Q(k) 
is along the z-axis. Therefore, it was proposed both theoretically and experimentally 11574, 15771 l595l 166211 that the 
D'yakonov-Perel' mechanism can not cause any spin relaxation if the spin polarization is along the z-axis. 

Wu and Kuwata-Gonokami first pointed out that if a magnetic field in the Voigt c onfig uration is applied in the 
system, there is spin relaxation and dephasing due to the D'yakonov-Perel' mechanism ll675ll . This can be seen from 
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Figure 75: Spin polarization along y axis, 5, , as function of time with zero initial spin polarization for E = 0.5 kV/cm (solid curve) and 1.0 kV/cm 
(dotted curve) in InAs (001) quantum well. T = 50 K and Nj = O.OSN^. The dashed curve is the THz-field-induced effective magnetic field Bgg- 
with £■ = 1.0 kV/cm. Note that the scale of the dashed curve is on the right-hand side of the frame. From Jiang et al. f6ih . 





Figure 76: InAs (001) quantum wells: (a) Dependence of the spin relaxation time r on THz field strength for impurity densities: Nj = (•); 
Ni = Q.OIN,, (□); Ni = O.OSNg (A). Solid curves: from full calculation; Dotted curve: from the calculation without the THz-field-induced effective 
magnetic field Bgfj'. (b) Dependence of the spin relaxation time r on THz field strength for impurity densities: W, = (•); W, = 0.02^^ (□); and 
A', = O.OSNg (A). T = 100 K (solid curves) and 50 K (dashed curves), (c) Dependence of the hot-electron temperature on THz field strength for 
different impurity densities: Nj = (• ); Nj = 0.02Ne (□); /V, = 0.05^,, (A). T = 100 K (soUd curves) and T = 50 K (dashed curves). From Jiang 
etal. (H. 



dt 

dpk,cr-cr 



(220) 



the coherent term of the kinetic spin Bloch equations 1167511 : 

+ 2Im y VqPk.ir-irPk+q, 
coh ^ 

= ^gl^sBifkcr - fk-a-) - io-a>ik)pk,a--a- + ' ^ Vq(/k+q<r - /k+q-o-)Pk,<r-<r - ' ^ V'q(/ko- - /k-tF)Pk+q,o--o-, 

q q 

(221) 



dt 



where B is along the x-axis and <y(k) = -g//Bfii'(k). It is seen that in the presence of the magnetic field, the spin 
coherence pk,o--o- is invol ved a nd <y(k) in Eq. (122 11 1 provides the inhomogeneous broadening which leads to the spin 
relaxation and dephasing i675[l . Experimentally Dohrmann et al. 1 388 , 667 ] observed a "turn on" of the spin relaxation 
by switching on the magnetic field. 

The spin relaxation in the absence of the magnetic field in sym metric GaAs ( 1 10) quantum wells with s mall well 
width is an interesting problem and has been studied extensively lll83L ll93L I388L l602 , liiSliilliilliii. inmost 
of these works, the main reason limiting the spin relaxation time is attributed to the Bir-Aronov-Pikus mechanism. In 
the spin noise spectroscopy measurements by Miiller et al. [660.1 . the excitation of the semiconductor is negligible 
and hence the Bir-Aronov-Pikus mechanism is avoided. They reported spin relaxation about 24 ns and attributed it 
to the D'yakonov-PereF mechanism due to the random Rashba fields caused by fluctuations in the donor density first 
proposed by Sherman 1294. 657.1 . Zhou and Wu further investigated this effe ct using th e kinetic spi n Blo ch equations, 
where the contribution of the Coulomb scattering originally missed in Refs. lE9il657ll is included i670ll . The method 
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Figure 77: InAs (001) quantum wells: (a) Dependence of the spin relaxation time r on THz frequency for impurity densities: Nj = (•); 
Ni = Q.OlNe (□); and W, = Q.OSNc, (A). Solid curves: from full calculation; Dotted curve: from the calculation without the THz-field-induced 
elfective magnetic field Bgff ■ ^ ~ ' kV/cm and T = 50 K. (b) Dependence of the hot-electron temperature Tg on THz frequency for impurity 
densities: Ni = (•); Ni = O.OlNe (□); and Ni = 0.05Ne (A). E = 1 kV/cm and T = 50 K. From Jiang et al. 



to incorporate the effect of the Random Rashba spin-orbit coupling in the kinetic spin Bloch equation approach is to 
calculate the time evolutions of the kinetic spin Bloch equations under sufficient Rashba coefficients q-r, which are 
assumed to satisfy the Gaussian distribution P(q'r) = ^^ e~°'R/P'^"). The spin relaxation time is obtained by the slope 
of the coherently summed spin polarization 



(222) 



A c alcul ation based on the kinetic spin Bloch equations can nicely reproduce the experimental findings by Miiller et 
al. i660ll in Fig. [78]' a). They also showed that at low impurity density, the Coulomb scattering has a strong influence 
to the spin relaxation, as shown in Fig. iTSl b). in which a peak due to the Coulomb scattering in the temperature 
dependence of the spin relaxation time was predicted. 

Besides the Random Rashba spin-orbit coupling field, Zhou and Wu proposed a virtual intersubband spin-flip spin- 
orbit coupling induced spin relaxation i n Ga As (110) quantum wells and showed this mechanism becomes important 
for samples with high impurity density ll668ll . 
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Figure 78: GaAs (110) q uantu m wells: (a) Spin relaxation times vs. the in-plane magnetic field strength from the KBSE approach and from the 
experimental data in Ref. f660"| with temperature 7 = 20 K, well width a = 16.8 nm, electron density A?,, = 1.8 X lO" cm"^ and impurity density 
Ni = 0.01 Nf. The fitting parameters are E„ = 4.2 kV/cm, yo = 5.02 eV-A^. (b) Spin relaxation times due to the random Rashba spin-orbit 
coupling induced D'yakonov-Perel' mechanism vs. temperature T for impurity densities Ni = N^ and 0.01 N^ with B = Q, a = 16.8 nm and 
N,, = 1.8 X lO" cm"". The corresponding Fermi temperature is 75 K. The solid (dashed) curves represent the results calculated with (without) the 
electron-electron Coulomb scattering. From Zhou and Wu 66s |. 
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5.4.9. Spin dynamics in paramagnetic Ga(Mn)As quantum wells 

Jiang et al. further extended the kinetic spin Bloch equations t o study th e electron spin relaxatio n in param agnetic 



Ga(Mn)As quantum wells Besides the D'yakonov-PereF 1 101 , 102 1 and Bir-Aronov-Pikus 1 105 . 106ll mech 



anisms, they further included the spin relaxation mechanism due t o the exchange coupling of the ele ctrons an d the 
localized Mn spins (the s-d exchange scattering mechanism) llll4ll and the Elliott- Yafet mechanism 1 104 , 868 1 due 



to the presence of the heavily doped Mn. In Ga(Mn)As, the Mn dopants can be either substitutional or interstitial; 
the substitutional Mn accepts one electron whereas the interstitial Mn releases two. Direct doping in low-temperature 
molecular-beam epitaxy growth giv es rise to more substitutional Mn ions than interstitial ones, which makes the 
Ga(Mn)As a /J-type semiconductor 111 l4 1233 . |87Q] . In GaAs quantum wells near Ga(Mn)As layer, the Mn 



dopants can diffuse in to the GaA s quantum wells, where the Mn ions mainly take the interstitial positions, making the 



quantum well «-type [ 871l - i873[l . 

The kinetic spin Bloch equations are the same as those in GaAs quantum wells, except the additional terms in the 
coherent and scattering terms associated with the Mn spin S and the Elliott- Yafet mechanism. The additional coherent 
term reads 

5,PklM„' = -'T^:^,Pk], (223) 

with H'^J - -A^Mn«(S) ■ y. Here (S) is the average spin polarization of Mn ions and a is the s-d exchange coupling 
constant. For simplicity, Mn ions are assumed to be uniformly distributed within and around the quantum wells with 
a bulk density A^Mn- The additional scattering terms are those from the s-d exchange scattering and the Elliott- Yafet 
mechanism. The s-d exchange scattering term is given by 

dtP^TT = -^Nm^Is Yj GMni-m-mM^k - fik')(^'"p^-^"^Pk - S'^'P^S'^'Pl + H.c), (224) 

with GMn(T]iJ]2) - \Ti(S'''S''-pMn)- § '' and s'^ (rj = 0, +1) are the spin ladder operators. The equation of motion 
for Mn spin density matrix consists of three parts dipMn = ^rPMnlcoh + ^^fPMnlscat + d,pMn\rei- The first part de- 
scribes the coherent precession around the external mangetic field and the s-d exchange mean field, d,pMn\coh - 
[^Md/^bB ■ S - a2kTr(YPk) ■ S, pMn]- The second part represents the s-d exchange scattering with electrons 

d,PMnL.t = Zr,,^,kS(sk-Sk'm(s-'''pt,s-'''pl)[(S'''S''^pMn-S'''PM The third part characterizes the 

Mn spin relaxation due to other mechanisms, such as the p-d exchange interaction with holes or Mn-spin-lattice in- 
teraction, with a relaxation time approximation, 5,pMnlrei - ~ (pmh - Pun) /''"Mn- Here p^^ represents the equilibrium 
Mn spin density matrix. TMn is the Mn spin relaxation time, which is typically 0.1~10 ns 1981]. 

After incorporating the Elliott- Yafet mechanism, besides the ordinary spin-conserving terms, there are spin-flip 
terms. For electron-impurity scattering these additional terms are 

5,Pkir = -^«<Z^(^''-^'''Hf^ki'(AL>k'AL!>k^-A 

k' 

^u'A'i^Z'Pi^'^'MPt - Ai'lPk'ALVk) + H.C.], (225) 
where «,■ = A^^^^ -i-4A^J^j^ + n,o with A^^^^, N^^^ and n,o representing the densities of substitutional Mn, interstitial Mn and 
non-magnetic impurities, respectively, t/^'^^, = ^ ^k-k'.^J^^'^z)!^?? ^"'^ ^k-k' = "'^f 2^9; ^k-k',?.!^^'?^)!^- ^^""^ 
- j,nTE[{\-rii-i) n - A^°E ' ^so are the band-gap and the spin-orbit splitting of the valence band, 

respectively The spin-flip matrices are given by A^',^^ = [(k + k', 0) x &], and A^^^, = [(k, 0) x (k', 0)] ■ &. It is 

noted that A^V^ and A^^^^ contribute to the out-of-plane and in-plane spin relaxations, respectively. They are generally 
different and therefore the spin relaxation due to the Elliott- Yafet mechanism in quantum wells is anisotropic. The 
Elliott- Yafet mechanism can be incorporated into other scatter ings similarly [110.1 . 

By solving the kinetic spin Bloch equations, Jiang et al. jl 1 ill studied the spin relaxation in both n- and p-type 
Ga(Mn)As quantum wells. For n-type sample, the total electron density is given by A^^ = A^^ -H A^^" + A^ex with A^^°, 
A^^ and A^ex representing the densities from Mn donors, other donors and photo excitation, respectively. The calculated 
spin relaxation times due to various mechanisms are shown as function of Mn concentration in «-type samples with 
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Nl = (a) and A^^ - lO" cnT^ (b) respectively (Fig. [7911. It is interesting to see that even for the strong s-d exchange 
coupling taken in the calculation, the spin relaxation due to the s-d exchange coupling is still much weaker than that 
due to the D'yakonov-Perel' mechanism. Also the Bir-Aronov-Pikus and Elliott- Yafet mechanisms are irrelevant to 
the spin relaxation. The spin relaxatin is solely determined by the D'yakonov-Perel' mechanism. Moreover, they 
predicted a peak in the Mn concentration dependence of the spin relaxation time. The physics leading to the peak 
is the same as the carrier-density dependence of the spin relaxation time in «-type GaAs quantum wells addressed in 
Sec. 15.4.21 with the peak being around the electron Fermi temperature T^. 



p. 




• • « 




Figure 79: Spin relaxation time t due to various meclianisms in n-type Ga(Mn)As quantum wells which are (a) undoped or (b) n-doped before 
Mn-doping as function of Mn concentration x at 30 K (•) and 200 K (□). Red solid curves: the spin relaxation time due to the D'yakonov-Perel' 
mechanism tqp; Green dotted curves: the spin relaxation time due to the Elliott- Yafet mechanism tey'. Brown dashed curves: the spin relaxation 
time due to the Bir-Aronov-Pikus mechanism tbap; Blue chain curve: the spin relaxation time due to the s-d exchange scattering mechanism Tsj. 
The Fermi temperature of electrons is ploted as black curve with A (the scale of is on the right hand side of the frame) and = T for both 
r = 30 and 200 K cases are p lotted as black dashed curves. The scale of the electron density from Mn donors N^" is also plotted on the top of the 
frame. From Jiang et al. Il 1 ill . 

For p-type Ga(Mn)As quantum wells, both substitutional and interstitial Mn ions exist in the system. For sim- 
plicity, all the holes are assumed free. Due to the presence of interstitial Mn ions, the ratio of the hole density Nh to 
the Mn density Nmh was obtained by fitting the experimental data in Ref. [233], as shown in Fig. |80] The electron 
spin relaxations due t o various mechanisms were calculated as function of Mn concentration at different temperatures 



by Jiang et al. Ill 1 111 , as shown in Fig. |8T] Unlike the case of n-type samples, due to the presence of large hole 
density at high Mn concentration, the Bir-Aronov-Pikus and s-d exchange scattering mechanisms can be important. 
At very low temperature [Fig. l8TT a)1. due to the Pauli blocking addressed in Sec. 15.4.61 the Bir-Aronov-Pikus mech- 
anism is negligible. The spin relaxation is determined by the D'yakonov-Perel' mechanism at low Mn concentration 
and the s-d exchange scattering mechanism at high Mn concentration. At medium temperature [Fig. l8TT b)1. both 
the Bir-Aronov-Pikus and s-d exchange scattering mechanisms determine the spin relaxation at high Mn concentra- 
tions. At high temperature [Fig. [STTc)]. the spin relaxation is determined by the Bir-Aronov-Pikus mechanism. As 
the D'yakonov-Perel' mechanism determines the spin relaxation at low Mn concentrations, the spin relaxation time 
limited by it increases with increasing Mn concentration (increasing electron-impurity scattering). Moreover, both the 
Bir-Aronov-Pikus and s-d exchange scattering mechanisms increase with increasing Mn density. As a result, there is 
a peak in the Mn density dependence of the electron spin relaxation time at any temperature (except for the extremely 
low temperature where the localization becomes important). 

The temperature, photo-excitation density and magnetic field dependences of the spin relaxation in paramagnetic 



Ga(Mn)As quantum wells have also been investigated in detail in Ref. Ill 1 111 . 
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Figure 80: Ratio of tlie liole density to tlie Mn density Nii/Nun vs. the Mn concentration x in p-type Ga(Mn)As quantum wells. The black dots 
represent the experimental data. The red solid curve is the fitted o ne. T he hole density A';, is also plotted (the blue dashed curve). Note that the 
scale of Ni, is on the right hand side of the frame. From Jiang et al. Il llll . 




Figure 8 1 : Spin relaxation time t due to various mechanisms and the total spin relaxation time in p-type Ga(Mn) As quantum well s against the Mn 
concentration x at (a) T = 5, (b) 50 and (c) 200 K. The scale of Nmh is also plotted on the top of the frame. From Jiang et al. Illlll . 



5.4.10. Hole spin dynamics in ( 001 ) strained asymmetric Si/SiGe and Ge/SiGe quantum wells 

Among different kinds of hosts for spintronics devices, Silicon appears to be a particularly promising one, partly 
due to the high possibility of eliminating hyperfine couplings by isotropic purification and well developed microfab- 
rication technology |874]. Many investigatio ns have been carried out to understand the electron spin relaxation in 
bulk Silicon and its nanostructures [!150i I295I l763i l77li l776ll . The study of hole spin relaxation in Silicon is 
very limited. Glavin and Kim presented a first calculation of the spin relaxation of two-dimensional holes in strained 
asymmetric Si/SiGe (Ge/SiGe) quantum wells |298] by means of the single-particle approximation where the impor- 
tant e ffect of the Coulomb scattering to the spin relaxation is absent. More seriously, as pointed out by Zhang and Wu 
II299II . the nondegenerate perturbation method with only the lowest unperturbed subband of each hole state considered 
in the calculation of the subband energy spectrum and envelope functions by Glavin and Kim |298] is inadequate in 
converging the calculation. However, when more unperturbed subbands are included as basis functions, the nonde- 
generate perturbation method even fails. By applying the exact diagonalizing method to obtain the energy spectrum 
and envelope functions, Zhang and Wu studied the hole spin relaxation in (001) strained asymmetric Si/Sio.yGeo.a 
(Ge/SiojGeo.v) quantum wells in the situation with only the lowest hole subband being relevant by means of the 
kinetic spin Bloch equation approach ll299ll . 

The structures of Si02/Si/Sio.7Geo.3 and SiOi/Ge/Sio.aGeo.v (001) quantum wells are illustrated in Fig.|82] with the 
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confining potential V(z) approximated by the triangular potential due to the large gate voltage. The subband envelope 
functions are obtained by solvi ng the eigen-eq uation of the 6x6 Luttinger Hamiltonian including the heavy hole, light 
hole and split-off hole states 1 1221 246[ 875ll unde r the confinement V{z), with sufficient basis functions included 



299ll . Due to the biaxial strain il2A 246 , 875 . 876ll . the lowest subband in Si/SiGe quantum wells is light hole-like. 



which is an admixture of the light hole and split-off" hole states, whereas that in Ge/SiGe quantum wells is a pure 
heavy hole state. By using the Lowdin partition method ||l l3i1 . the effective Hamiltonian of the lowest hole subband 
in Si/SiGe (Ge/SiGe) quantum wells can be written as 129911 

where k is the in-plane momentum, m*'^ [m^'^^] is the in-plane effective mass of the lowest light (heavy) hole subband 
in Si/SiGe (Ge/SiGe) quantum wells, cr are the Pauli matrices, and Q*'^ [Q*''*] is the Rashba term of the lowest light 
hole (heavy hole) subband in Si/SiGe (Ge/SiGe) quantum wells. Q*'^ has both the linear and cubic dependences on 
momentum, whereas Q**' has only the cubic dependence. For the lowest light hole subband in Si/SiGe quantum wells, 

m« = mo[A-B(4'^">/2- V2<^'^>)]-', (227) 

= nf + nf, (228) 

Q®,. = H^,,,, (229) 
Q®. = ^BkAkl+k^.) + @[3Bk,(kl-kj) + 2^|3(WTc^k^^k,], (230) 
nf = UBkyikl + k]) + &[3Bky(k^. -kl) + 2 V3(3B2 + c^)klky], (231) 



with 



S = — V6(3B2 + C2)Z"2\ (232) 
mo 

I ^ (nil) l_ (12H) 

h? 3B^ + C^ T-l "'On ^Jl'^On I- (ph^ inh\ 

^'"O ' ^ „=0 ^0 -^n 



For the lowest heavy hole subband in Ge/SiGe quantum wells, 

m"'* = mo(A + B/2y\ (235) 
if 



n^" = nf, (236) 



nf = A[3Bk,(kl - k^) - 2 V3(3B2 + c^)klk,], (237) 
Q.f^ = A[3 Bkyikl -kj) + 2 ^J3(3B^ + C^)k%], (238) 



with 



1 Jhal) (ha I) 



Here A, B and C are the valence band parameters, which relate to the Luttinger parameters 71, 72 and 73 through 
A = ji, B - 2j2 and V3B^ -H = 2 V373. £'^''' (ff=/i, Z, s) are the subband energy levels. and /c^'^f'' are defined 

as = £1;^ dzx^"\z)xf^{z) and = dzx^"\z)'^^^ , with the envelope functinos f^^. The calculated 
spin-orbit coupling coefficients of the lowest subband of Si/SiGe quantum well (S, 11 and 0) and Ge/SiGe quantum 
well (A) are given in Fig. [83] 
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Figure 82: Schematics of tlie Si02/Si/Sio.7Geo.3 quantum well stracture (a) and Si02/Ge/Sio.3Geo.7 quantum well structure (b). Two vertical 
dashed lines in each figure represent the two interfaces. The solid curves represent the confining potential V(z) with electric field E = 300 kV/cm. 
The valence band discontinuities at the Si/Sio yGeo s and Ge/SiojGeo.v interfaces ai'e neglected in the triangular potential approximation. The chain 
curves with their scale on the right hand side of the frame respectively represent the lowest light hole and heavy hole distributions in Si/Sio.7Geo.3 
and Ge/Sio.3Geo.7 quantum wells along the z-axis. From Zhang and Wu t299i1 . 



The hole spin relaxa tion t ime is calculated by solving the kinetic spin Bloch equations, with the hole -deformation 



optical/acousticphonon 1187711 . hole-impurity and hole-hole Coulomb scatterings explicitly included |299]. The typical 
results are shown in Fig. [84] for Si/SiGe quantum wells, where a peak appears in both the temperature dependence 
(located around the hole Fermi temperature) and the density dependence (located around the crossover from the 
degenerate to the nondegenerate regimes) of hole spin relaxation time. It is also shown that the hole-hole Coulomb 
scattering plays an essential role in the spin relaxation. As shown in Fig.[85j by switching off the hole-hole Coulomb 
scattering, the spin relaxation times differ dramatically. Similar behavior also happens in Ge/SiGe quantum wells, 
except that the peak in the temperature dependence of the hole spin relaxation time is located around half of the hole 
Fermi temperature. The shift of the peak to the lower temperature is suggested to be due to the cubic momentum 
dependence of the Rashba term [Eqs. ( I236H238| )1. in contrast to the linear one which is important in the case of 
Si/Si Ge q uantum wells. The effects of impurity and gate voltage on the hole spin relaxation are discussed in detail in 

Ref. iHaai. 

Finally, it is noted that unlike holes in GaAs quantum wells where the system is in the weak scattering limit 



1 36311 ■ holes in Si/SiGe quantum wells are generally in the strong scattering limit thanks to the strong hole-hole 
Coulomb scattering and weak Rashba spin-orbit coupling. However, holes in Ge/SiGe quantum wells can be in the 
weak scattering limit with high density at low temperature due to the larger Rashba term [299.1 . In any case, adding 



impurities can shift the system from weak scattering limit to the strong one i299[ [36311 . 



5.4.11. Spin relaxation and dephasing in n-type wurtzite ZnO ( 0001 ) quantum wells 

While there are a lot of studies on the spin dynamics in cubic zinc-blende semicond uctors, much attention ha s 



also been devoted to the spin properties of zinc oxide (ZnO) with wurtzite structures 115561 1559L I568L 1878 



Harmon et al. calculated the spin relaxation time in bulk material in the framework of single particle approach 11559 1. 



882 1. 



Lii and Cheng 1161311 applied the kinetic spin Bloch equation approach and calculated the spin relaxation in n-type 
ZnO (0001) quantum wells under various conditions, including well width, impurity density and external electric field 
(hot-electron effect). In wurtzite structure, the D'yakonov-Perel' term comes from the Rashba term due to the intrinsic 
wurtzite structure inversion asymmetry £lR(k) and the Dresselhaus term OD(k) which can be written as [245]: 

g^iBilR{^) = ae{ky,-k„0), (240) 
^/iBQ^(k) = yAb{k%-kh{k,,-k,,Q), (241) 
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Figure 83: Spin-orbit coupling coefficients y5, ^Yl and ^0 for tlie lowest light hole subband in Si/SiGe quantum wells and yA for the lowest 
hea vy ho le subband in Ge/SiGe quantum wells against the electric tield E. The scale of ^ E is on the right hand side of the frame. From Zhang and 
WugH. 




Figure 84: (a) Spin relaxation time r against temperature T with different hole densities, (b) Spin relaxation time r against hole d ensity Nj, with 
different temperatures. For both cases the impurity density Nj = and the electric field E = 300 kV/cm. From Zhang and Wu l299ll . 



with a^, je and b standing for the spin-orbit coupling coefficients. {k^}„ = n^n^/a^ is the subband energy in the hard 
wall potential approximation. By taking the lowest two subbands into account, Lii and Cheng solved the kinetic spin 
Bloch equations. The typical results are shown in Fig. (86] 

Basically the properties of the spin relaxation in ZnO quantum wells are all the same with those in GaAs ones. One 
stiU observes the peak in the temperature and density dependences (the former requires low impurity density) of the 
spin relaxation time. The difference is that for GaAs quantum wells, the temperature peak of the spin relaxation time 
can only be observed at low electron density (i.e., low transition temperature) and low impurity density 1 109, 372, 604ll . 
because the electron-phonon scattering becomes strong enough to destroy the nonmonotonic T dependence of the 
scattering time induced by the electron-electron scattering. Such case can be avoided in ZnO quantum wells, in which 
the electron-phonon scattering is always pretty weak due to the large optical phonon energies (~ 800 K). Thus the 
temperature peak can be found even for high electron density samples. 



5.5. Spin relaxation in quantum wires 

In recent years, progress in nanofabrication and growth tech nique s has made it possible to produce high-quality 
quantum wires and investigate physics in these nanostructures [883-890]. The energy spe ctrum of quantum wire 
systems with s t rong spin -orbit coupling has been studied both experimentally 

HiMliil and theoretically l,19ll 



2Hl24ni890[[89il896ll . Unlike quantum wells discussed in Sec. 15.41 there is additional confinement in quantum 
wires and the remaining free degree of freedom is along the wire growth direction. Therefore, there are stronger 
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Figure 85: Spin relaxation time r against liole density Ni, with different scatterings included in Si/SiGe quantum well. T = 300 K and E = 
300 kV/cm. Solid curve: with the hole-hole Coulomb (h-h), the hole-optical phonon (h-op) and the hole-acoustic phonon (h-ac) scatterings. 
Dashed curve: same as the solid curve with the additional hole-impurity scattering (Nj = lO'" cm"^) included; Chain curve: with the h-op and h-ac 
scatterings; Dotted curve: same as the chain curve with the additional hole-impurity scattering (A', = 5 X 10* cm"-) included. From Zhang and Wu 
(299ll . 




Figure 86: ZnO (0001) quantum wells: (a) Spin relaxation time t vs. temperature T at different impurity densities. The dashed curve is obtained 
from the calculation of excluding the electron-phonon scattering, (b) and (c): Spin relaxation time vs. the electron density wit h dif ferent impurity 
densities and temperatures (20 K and 300 K respectively). A: Ni/Ne = 0; ■: Nj/Ne = 0.1; ♦: Nj/Ne = 1. From Lit and Cheng |613|1 . 



subband effect and also marked anisotropy along the growth directions of wires. Consequently this gives more choices 
for the manipulation of the spin degree of freedom. 



For quantum wires, the spin relaxati on was calculate d in the framework of single particle approach ll632ll698Ll701 



1897 1 and Monte Carlo simulations 1 65 ll I697L 170 U 189811 . Cheng et al. first applied the kinetic spin Blo ch eq uations to 
study the spin dynamics in (001) oriented InAs quantum wires with only the lowest subband involved 189911 . Lii etal. 
studied the influence of higher subbands and wire orientations on spin relaxation in n-type InAs quantum wires ll696ll . 
They reported that the intersubband Coulomb scattering can make an important contribution to the spin relaxation. 
Also due to intersubband scattering in connection with the spin-orbit coupling, spin relaxation in quantum wires can 
show different characteristics from those in bulk and in quantum wells. Hole spin relaxation in p-type GaAs quantum 
wires was also investigated by Lii et al. from the kinetic spin Bloch equation approach 1170511 . 



5.5.7. Electron spin relaxation in n-type InAs quantum wires 

By modeling the InAs quantum wire by a rectangular confinement potential of infinite well depth along the x-y 
plane < a^, \y\ < ay), one can write the Rashba and Dresselhaus Hamiltonian by replacing k^, k\, ky, and k^. 
in the bulk Rashba and Dresselhaus Hamiltonian by {ij/nx\ - id/dx\t//n'x}, {4'nx\{-id/dx)^\ij/n'x), {^ny\ — id/dy\i//n'y} and 
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{'^ny\{-idldyf'\ij/„'y), respectively. Here i/r,,^- - sin '-^ and i//„y - ..^^sin The bulk Rashba term reads 

^^R(k) = rtfo- ■ k X £ = ytf[(rAky&, - k,&,) + (Ty(k,&, - k,6,) + cr,(k,6y - . (242) 

For a ( 1 00) In As quantum wire, the x, y and z axes correspond to the [ 1 00] , [0 1 0] and [00 1 ] cry stallographic directions, 
respectively, and the bulk DresseUiaus term can be written as 1 1 1 311 : 



l6c6, 



(243) 



For a ( 11 0) quantum wire, the x, y and z directions correspond to the [110], [00 1 ] and [110] crystallographic directions, 
and one has 

H^'" = blf{(TA-\kz{kl - kl + Ik])] + 2cryk,kyk, + CT,[^kAkl - kl - 2k])]). (244) 

For a (1 1 1) quantum wire, the x, y and z directions correspond to the [1 12], [110], and [111] crystallographic direc- 
tions, and one has 
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btt{aA-^k,kyk, 



1 



1 



V2 



2V3^ 2V3'^^' V3''^ ^ 



+^y[-^kl + -^k^kl^ - -^klk, - -^kAkl + ^2)] + crd^k%. - ^kl - ^hk]]]. (245) 
2 V3 2 V3 ■ V6 V6 ' ■ 
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The kinetic spin Bloch equations read pk - P/tLoh + Piilscat, with the coherent terms being 

'°*Loh ^ \ ^'^fi^^Pi<-',I-(i,Pk\ - /[//c(^),p*]. 
Q 

Here Q = (^ j, qy, q). Iq is the form factor. In (s, s') space [s = (rtx, riy, cr)], it reads 

Iq.si,s2 = (^ile'^'l^i) = 6a-i,cr2F(mi,m2,qy,ay)F(n]_,n2,qx,ax), 

where 

F{mi,m2,q,a) — 2iaq[e""' cos n(mi - OT2) — 1] 



1 



1 



(246) 



(247) 



(248) 



7T^(mi — m2)^ — a?-q^ n^{mi + m2)^ — a^q^ 

The first term in Eq. (I246l l is the Coulomb Hartree-Fock term, and the second term comes from the single particle 
p- 

2m* 



Hamiltonian = ^ + Hr + + Vdr) in (s, s') space. For small spin polarization, the contribution from the 



Hartree-Fock term in the coherent term is neglig ible iillilSi and the coherent spin dynamics is essentially due to 
the spin precession around the effective internal fields described by Eqs. (I242l) -( |245] |. 

The scattering contributions to the dynamic equation of the spin-density matrix include the electron-nonmagnetic 
impurity, electron-phonon and electron-electron scatterings: 

dpk 
dt 

dpk 
dt 





dpk 


+ ^ 


+ —1 


scat 


dt 


im dt 


ph dt lee 



= nNi y \u'j5{E,^,k-q - £.,,.a)/q[(i - p^,)r,,/_Qr,,p, - p,_,r„/_Qr,,(i -p,)] + h.c, 

nt lim ^—t ^ 



dpk \ 
dt Iph 



dpk \ 
dt I 



^^\MQA^lQ\S{E,^^k-q - Es,,k + <^Q,a)[{Nqj + 1)(1 - Pk-q)TsJ-QT,,pk - N^^APk-qT ,J ^qT - p^)] 

0,-1 

+ S{E,^^k-q - - (^q,a)[Nq,a(1 - pk-q)TsJ-QT,,pk - (A^Q„i + l)pi-,r,,/_Qr,2(l -pk)]] + H.c, 

S|,.S2,.S3,.S4 

7!" ^ V'^diE.^^k-q - E,,^k + E.^^k' - £'s4,i'-^)/Q{(l - Pk-q)Ts,I-QTs^pkTl[(l - Pk')T,jQT,^pk'-qI-Q] 



Q.k' 



■ Pk-qTsJ-QTs^il - pk)Tr[pk'T,jQT,^(l - pk'-q)I-Q]] + H e. 



(249) 
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in wh ich Ts,^s,s' - Ss,,sSs,,s'- The statically screened Coulomb potential in the random-phase approximation reads 

n = Z ^gI-^qI'M?), (250) 



118331] 



with the bare Coulomb potential vq = 4ne^/ and 

Ki^) -l-YvaV \i<i,f i'''''~f . (251) 

In Eq. ( I249l l, A^, is the density of impurities, and \U'q\^ is the impurity potential. Furthermore, |Mq,iP and A^q_^ - 
[exp(a)Q J /ksT) - 1] ' are the matrix elements of the electron-phonon interaction and the Bose distribution function, 
respectively. The phonon energy spectrum for phonon with mode A and wavevector Q is denoted by ojqj. 

By numerically solving the kinetic spin Bloch equations, Lii et al. [i696J investigated the influence of the wire 
size, orientation, doping density, and temperature on the spin relaxation time. They also showed that the Coulomb 
scattering makes marked contribution to the spin relaxation. Some typical results that the spin relaxation time can 
be effectively manipulated in quantum wires with different orientations are summarized in Fig. [ST] For (100) quan- 
tum wires [Fig. l87? a)l. due to the competition of the longitudinal and transverse effective magnetic fields from the 
Dresselhaus and Rashba terms addressed above, the spin relaxation time can be efficiently manipulated by the wire 
size. Specifically, there is a minimum in the spin relaxation time when - Oy, thanks to the cancellation of the 
longitudinal component from the Dresselhaus term {{k^} - {k^) - 0) when only the lowest subband is populated. For 
(110) quantum wire with - a,. - 30 nm, the electronic population is mainly in the lowest subband. In the presence 
of an electric field of the form {E^, Ey, 0), the relevant Rashba and Dresselhaus terms are 

° = ytt{-(r,Eyk, + cTyE^k,), (252) 

<° = - \bT(rM{kl) - kl + 2{kl)). (253) 

The effective magnetic field formed by the Dresselhaus term is along the x-direction, which corresponds to the [110] 
crystallographic direction, and the effective magnetic field formed by the Rashba term is in the x-y plane. If the 
direction of the total effective magnetic field formed by the spin-orbit coupling is tuned to be exactly the directi on of 



the i nitial spin polarization, then one can expect an extremely long spin relaxation time as pointed out in Refs. 11597 . 
\69l \ . This is exactly the case as shown in Fig. lSTl b). However, for wider wire size, the spin relaxation time is much 
smaller due to the contribution of higher subbands. For (111) quantum wires, again in the case with only the lowest 
subband being relevant, the Rashba and Dresselhaus terms read 



= ylT{-cT,Eyk, + <TyE,k,X (254) 
= blf\-^aMkl)-^(Tyk,S{kl) + {k]:))-^aMkl))- (255) 



Similar to the case of (1 10) quantum wires, one expects very long spin relaxation time if the total effective magnetic 
field points into the directions of initial spin polarization. For a numerical example of this effect, Lii et al. chose 
such that y^^-^'^Ey + ( V2/3)/74j^'X^j) = for a small wire width - a,. - 10 nm, so that the x component of the total 
effective magnetic field is zero. For an initial spin polarization along the z-direction, which corresponds to the [111] 
crystallographic direction, the spin relaxation time as a function of /S j is shown in Fig. l87? c). It is seen that when 
a I - fly =10 nm, there is a pronounced maximum of the spin relaxation time at E^ - 70 kV/cm, which fulfills the 
relation y^^^'^E^c + ■^^4i^'^((^r) + (^y)) ~ 0. Consequently, for this field strength, the direction of the total effective 
magnetic field is exactly along the direction of the initial spin polarization and this leads to a very long spin relaxation 
time. 

5.5.2. Hole spin relaxation in p-type (001) GaAs quantum wires 



Investigation on hole spin relaxation in quantum wires is very limited 069811. Unlike the hole spins in bulk III-V 



materials which relax very fast due to the mixture of the heavy-hole and light-hole states, in confined structures such 
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Figure 87: (a) Spin relaxation time r v.v. tlie quantum wire widtli in y direction ay for InAs (100) quantum wires at different a,-. The electron 
density is A' = 4 X lO' cm"' and T = 100 K. The an'ows mark the densities at which the electron populations in the second and higher subbands 
are approximately 30 %. (b) Spin relaxation time r vs. Ey for (110) quantum wires at 7" = 50 K and = 4x 10^ cm"'. A: c!,v = fly = 30 nm with 
an initial spin polarization along the A:-direction; ■: = ay = 30 nm with an initial spin polarization along the y-direction; •: a,- = o,. = 50 nm 
with an initial spin polarization along the j:-direction. (c) Spin relaxation time r vs. for different wire sizes a, = f y at T = 50 K and 
Ne = 4x lO' cm"'. The growth direction of the quantum wire is along the [111] crystallographic direction. The solid curves are the results with 
the in itial spin polarization along z-direction and the dashed curve is the result with the initial spin polaiization along .t-direction. From Lii et al. 
(691 . 



as quantum wells ll363ll and quantum dots 1149 ill, the degeneracy of the heavy and light hole bands is lifted and the 
mixture of these bands can be tuned by strain 149111 . Therefore the spin lifetime of holes can be much longer than that 
in the bulk 1^363, 491 1. In quantum wires, similar situation also happens. Lii et al. performed a systematic investigation 
on the spin relaxation of /?-type GaAs quantum wires by numerically solving the kinetic spin Bloch equations [761. 
They reported that the quantum wire size influences the spin relaxation time effectively by modulating the energy 
spectrum and the heavy-hole-light-hole mixing of wire states. 

By considering a /7-doped (001) GaAs quantum wire with rectangular confinement and hard wall potential, Lii et 
al. first obtained the subband structure by diagonalizing the hole Hamiltonian including the quantum confinement. 
Here the light-hole admixture is dominant in the lowest spin-split subband, but the heavy-hole admixture becomes 
also important in higher subbands due to the heavy-hole-light-hole mixing. Then they investigated the time evolution 
of holes by numerically solving the fully microscopic kinetic spin Bloch equations in the obtained subbands, with 
all the scatterings, particularly the Coulomb scattering, explicitly included. They found that the quantum wire size 
influences the spin relaxation time effectively because the spin-orbit coupling and the subband structure in quantum 
wires depend strongly on the confinement. When the quantum wire size increases, the lowest spin-split subband and 
the second-lowest spin-split subband can be very close to each other at an anticrossing point. If the anticrossing is 
close to the Fermi surface, the contribution from the spin-flip scattering reaches a maximum and correspondingly the 
spin relaxation time reaches a minimum. Moreover, they showed that the dependence of the spin relaxation time on 
confinement size in quantum wires behaves oppositely to the trend found in quantum wells. It was also found that, 
when the quantum wire size is very small, the spin relaxation time can either increase or decrease with increasing hole 
density, depending on the spin mixing of the subbands. However, the behavior of holes in quantum wires where the 
spin relaxation time increase s or d ecreases with hole density is quite diff'erent from the one of light holes in quantum 
wells with small well width ll363ll . These features originate from the subband structure of the quantum wires and the 
spin mixing which give rise to the spin-flip scattering. The spin mixing and inter-subband scattering are modulated 
more dramatically in quantum wires by changing the hole distribution in diff'erent subbands. They also investigated 
the effects of temperature and initial spin polarization, showing that the inter-subband scattering and the Coulomb 
Hartree-Fock contribution can make a marked contribution to the spin relaxation. 

By assuming the growth direction of the quantum wire along the z-axis ([001] crystallographic direction), the 
Hamiltonian of holes in the basis of spin-3/2 projection (7.) eigenstates with quantum numbers +1, +j, —1 and -| 



can be written as 
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where Vdr) is the hard-wall confinement potential in x and y directions and 



Hhh = [(n + y2)[P] + Pi] + (n - 272)^?, (257) 
2mo 

^/A = T^[(ri - 72)[Pl + + (n + 272)^', (258) 

S = _ /p,,], ^ --^{r2[^' - - 2iy3P_,Py}, (259) 
mo 2mo 

^8..8.. = ^ [-/.(^>Sz - Pz&y) + A (^'zS V - f .Sz) + Jz(P.A - PyS,)] , (260) 

^8i'8i' 

<8v = ^{-/.[^.v(^' - Pi)] + JylPyiPl - Pi)] + JzlPziPl " ^')])- (261) 
In these equations, mo denotes the free electron mas s, yi , 72 and 73 are the Luttinger parameters, S is the electric 



field and 7,- are spin-3/2 angular momentum matrices 1112211 . i/gj.g,, is the spin-orbit coupling arising from the structure 



inversion asymmetry and H^^,^^, is the spin-orbit coupling from the bulk inversion asymmetry. As shown in Ref. Il705ll 
these two terms turn out to be one or two orders of magnitude smaller than the intrinsic spin-orbit coupling from the 



four-band Luttinger- Kohn Hamiltonian [the first term in Eq. ( I256b 1. Moreover, from the first term in Eq. ( 1256b . one 
can see that the light hole spin-up states can be directly mixed with the heavy hole states by S and R, but the mixing 
between light hole spin-up states and light hole spin-down states has to be mediated by the heavy hole states. All the 
mixing is related to the confinement. When the confinement decreases, the mixing increases due to the decrease of 
the energy gap between the light hole and heavy hole states. 

The kinetic spin Bloch equations + pklcoh + Pilscat - can be written in either the collinear spin space which 
is constructed by basis {s}, with {s} obtained from the eigenfunctions of the diagonal part of Hh(k). \s} - \m,n)\cr) 
with {r\m,n) - -^== sin(^) sin(^)e'*" and |cr) standing for the eigenstates of J,. Then the matrix elements in the 
collinear spin space p^^^ is written as p^^^ = {s\\Pk\-^2}- Here the superscript "c" denotes the quantum number 
distinguishing states in the collinear spin space. One can also project p^, in the "hehx" spin space which is constructed 
by basis {77} with t] being the eigenfunctions of Hh(k): 

HhikM = E.M- (262) 

This basis function is a mixture of light-hole and heavy-hole states and is k dependent. Then the matrix elements in the 
helix spin space P^^^, can be written as p'l^^, = (JllpkW), with the superscript "/j" denoting the helix spin space. The 
density matrix in the helix spin space can be transformed from that in the collinear one by a unitary transformation: 
Pk ~ ^kPk^i" where Ukii, a) = J][^(k) with ri[^{k) being the /th element of the ath eigenvector after the diagonalization 
of Hh(k). 

In helix spin space, the coherent terms read 

Pklcoh = i[ 2 VQUllQUk-gp'^ul^I-QUk,pt\ - i[ulHh(k)Uk,pll (263) 
Q 

where Iq is the form factor in the collinear spin space with wave vector Q = (q^, q^, q). The first term in Eq. ( 1263b 
is the Coulomb Hartree-Fock term and the second term is the contribution from the intrinsic spin-orbit couphng from 
the Luttinger-Kohn Hamiltonian. Iq can be written as Iq,s,,s^ - (■sik'*^'|.?2) - (>o-i,a-iF(mi,m2,qy,ay)F(ni,n2,qx,ax), 
with F(m\,m2, q, a) being expressed as Eq. ( 1248b . For small spin polarization, the contribution from the Hartree-Fock 
term in the coherent term is negligible [.41^ .42^ i44J and the spin precession is determined by the spin-orbit coupling, 
p^^^,|coh = ~'Pk I] ij'^^'hi' ~ P'n',1')' which is proportional to the energy gap between 77 and 77' subbands. 

The scattering terms include the hole-nonmagnetic-impurity, hole-phonon and hole-hole Coulomb scatterings. In 
the helix spin space, the scattering terms are given by 
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-NQ,Ap'l-qTk-q,^,Ul_^I-QUkTk,,„il -p'l)] + 6(E,j^^k-q ' E^.^k ' WQ,^)[A^Q,^(1 - p''k-q)Tk-q,n, 
XUlqI-QUkTk,q4 - (Nq.A + l)pljk-q,qM_^I-QUkTk.q,(l - p',)]} 
+^ Z Z yQUllQUk-q6(Eq„k-q ' E„„k + Eq,,k' " " Pk-q)Tk-q,q, Ul^I -(^U kT k,qA 

XTm-pldTq,,k'UllQUk-qTk.-q,qA'-qUlqI-^^^^ ' pI) 

XTT[p'l,Tq,,k'UllQUk-qTk>-q,q,(l - f/;_/_Q f/,] ) + H.C., (264) 

in which Tk,qii, j) - Sqidqj. Vq in Eq. ( I264l i reads Vq - Ane^ l[KQ{q^ + ql^^ + k^)}, with kq representing the static dielectric 
constant and - 4ne^Nh/{kBTKoa^) standing for the Debye screening constant. A^, in Eq. ( I264l i is the impurity 
density and \Uq\^ - {A-nZje^ /[Ko(q^ '■^^ impurity potential with Z,- standing for the charge number of 

the impurity. |Mq ,iP and Nqj = [exp(a>Qj /ksT) - 1]"' are the matrix element of the hole-phonon interaction and 
the Bose distribution function with phonon energy spectrum loq ^ at phonon mode A and wave vector Q, respectively. 
Here the hole-phonon scattering includes the hole-longitudin al optical-pho non and hole-acoustic -phonon scatterings 
with the explicit expressions of |Mq can be found in Refs. Il44l372ll844ll . It is noted that the energy spectrum E^^k 
in the scattering term contains the spin-orbit coupling which cannot be ignored due to the strong coupling. By solving 
the kinetic spin Bloch equations, one obtains hole spin relaxation. 




Figure 88: Typical energy spectra of holes in GaAs (001) quantum wires for (a) a,- = 6 nm; (b) = 8 nm; (c) ay = 10 nm; (d) = 12 nm; 
(e) a-y = 15 nm; and (f) = 20 nm. fly = 10 nm. (E) at T = 20 K is also plotted: solid line for A';, = 4 X 10^ cm"' and dashed line for 
Nj, = 2x 10* cm"' . From Lu et al. ItoI . 

The typical subband structure is shown in Fig.[88]for different confinements. Each subband is denoted as 1+ (/-) 
if the dominant spin component is the spin-up (-down) state. One can see from Fig. [88] that 1+ and 1- subbands 
are very close to each other, so are the subbands 2±. The spin-splitting between them is mainly caused by the spin- 
orbit coupling arising from the bulk inversion asymmetry, because that the spin-splitting caused by the spin-orbit 
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coupling arising from the structure inversion asymmetry is three orders of magnitude smaller than the diagonal terms 
in Eq. ( I256l l and can not be seen in Fig. [88] The spin-splitting caused by the bulk inversion asymmetry is proportional 
to (PI - pI), which disappears when the confinement in x and y directions are symmetrical. Therefore, 1+ are almost 
degenerate when - a,, - 10 nm. If one excludes the spin-orbit coupling from the bulk inversion asymmetry 
and structure inversion asymmetry, 1+ are always degenerate because of the Kramers degeneracy. One also observes 
that when a^- gets larger, the subbands are closer to each other. Especially, in the case of - ay = 10 nm, there 
are anticrossing points due to the heavy-hole-light-hole mixing in the Luttinger Hamiltonian. When a^- keeps on 
increasing, the anticrossing point at small k between the 1+ and 2+ gradually disappears. However, at large k region, 
the lowest two subbands become very close to each other. These will lead to significant effect on spin relaxation time. 
In Fig.|88] a quantity (E), with 

" 7^ — ;; ' (^65) 

2Z,Ldk(pl,^,^-pl,_,j 

is introduced to represent the energy region where spin precession and relaxation between the + and - bands mainly 
take place. It is seen from the figure that for Nh = 4 x lO'' cm"' and 2x10^ cm"', {E} only intersects with 1+ and 
2+ subbands. It is also seen that the dominant spin component in l-h (1-) state is the spin-up (spin-down) light-hole 
state. 

There are three mechanisms leading to spin relaxation. First, the spin-flip scattering, which includes the scattering 
between 1+ and I- subbands and the scattering between 1+ and 1'- subbands (I + /'), can cause spin relaxation. 
The spin relaxation time decreases with the spin-flip scattering, with the scattering strength being proportional to the 
spin mixing of the helix subbands. Second, because of the coherent term p^'lcoh, there is a spin precession between 
different subbands. The frequen cy of this spin precession dep ends on k and this dependence serves as inhomogeneous 
broadening. As shown in Refs. lH l332[[334ll350[l569[ l 184411 . in the presence of the inhomogeneous broadening even 



the spin-conserving scattering can cause irreversible spin relaxation. As a result, the spin-conserving scattering, i.e., 
the scattering between 1+ and Z'+ and the scattering between /- and can cause spin relaxation along with the 
inhomogeneous broadening. At last, the spin-flip scattering along with the inhomogeneous broadening can also cause 
an additional spin relaxation. 

It is seen from Fig. [88l a) that when A^/, = 4 x 10^ cm"' and = 6 nm, (E) only intersects with the 1+ subbands 
and is far away from the 2+ subbands. Therefore, holes populate the 1+ subbands only. As pointed out before, 
the coherent term pjj [_|coh is proportional to (fii+^/t - fii-.jt). As holes are only populating states in the small k 
region where the spin splitting between 1 ± is negligible, the spin precession between these two states, and thus the 
inhomogeneous broadening, is very small. Consequently the main spin-relaxation mechanism is due to the spin-flip 
scattering, i.e., the scattering between 1± subbands. 

In the case of larger a ^ and Nh as shown in Fig. [88l' c)- l88? f). where (£) is close to or intersects with the 2+ 
subbands, holes populate both the 1± and 2± subbands. The spin-flip scattering here includes the scattering between 
1± states, the scattering between 2± states and the spin-flip scattering between 1± and 2± subbands. This spin-flip 
scattering is still found to be the main spin relaxation mechanism. Besides, differing from the case of Fig. 2(a), the 
coherent term p^' 2±lcoh proportional to the energy gap between 1± and 2±, and it is much larger than j Jcoh- 
As a result, there is a much stronger spin precession between 1+ and 2± subbands with a frequency depending on k, 
and the inhomogeneous broadening caused by this precession along with both the spin-conserving scattering and the 
spin-flip scattering can make a considerable contribution to the spin relaxation. 

A typical hole spin relaxation time as a function of wire width is given in Fig. [89] at different temperatures and 
hole densities. The underlying physics can be well understood from the corresponding subband mixing in Fig. [88] 
Similarly the temperature, hole density, and spin polarization dependences of spin relaxation were also discussed in 



detail in Ref. 1705]. 



5.6. Spin relaxation in bulk III-V semiconductors 

The study of spin dynamics in bulk III-V semiconductors has a long history. The theoretical study of spin relax- 
ation and the systematic experimental investigation started as early as 1970s [jstl- The early studies have been reviewed 
comprehensively in the book "Optical Orientation" f^. In the past decade, the topic gained renewed interest in the 
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Figure 89: Spin relaxation time r vs. the quantum wire wi dth i n x direction for (a) W/, = 4 X lO' cm ' at different temperatures and (b) 
Ni, = 2x 10* cm"' at r = 20 K. a,, = 10 nm. From Lu et al. (703l . 



context of semiconductor spintronics ll576ll . Differing from early experimental studies which mainly focus on electron 
spin relaxation in p-type bulk III-V semiconductors, experimental investigations in the past decade mainly focus on n- 
type and intrinsic bulk III-V semiconductors |21]. Theoretically, Song and Kim systematically calculated the density 
and temperature dependences of electron spin relaxation time in bulk n-type and p-ty ne G aAs, InAs, GaSb and InSb 
by including the D'yakonov-Perel', Elliott- Yafet and Bir-Aronov-Pikus mechanisms fllOSll . However, their approach 
was based on the approximate formulae in the book "Optical Orientation" [3] where the momentum scattering time 
is calculated via the approximate formulae for mobility [ 108 1. A key mistake is that they used the formulae that can 
only be used in the nondegenerate regime. This makes their results in the low-temperature and/or high-density regime 
questionable. Moreover, the single-p article approach they used li mits the validity of their results. Other theoretical 
investigations have similar problems ll209[ I390[l559l IsTtI l578l l583il . Therefore a systematic many -body investigation 
from the fully microscopic kinetic spin Bloch equation approach is needed. 

In this subsection, we review the comprehensive study on the topic via the fully microscopic kinetic spin Bloch 
equation approach by Jiang and Wu LI 101 where many important predictions and results that can not be achieved via 
the single-particle approach were obtained|3 

The system considered is the bulk III-V semiconductors, where the spin interactions have been introduced in 
Sec. 2. Specifically, the spin-orbit coupling consists of the Dresselhaus term, 

Q(k) = lyolkAk^. - kj), kyikj - k^), k,(kl - k^,)] (266) 

and the strain-induced term which is linear in k. The electron-hole exchange interaction is given by Eq. ( l37T i which 
consists of both the short-range interaction [see Eq. (l33] ll and the long-range one [see Eq. (|34]|1. The Elliott- Yafet 
mechanism is included in the el ectro n-impurity, electron-phonon, electron-electron and electron-hole scatterings in 
the kinetic spin Bloch equations lllioll . 



5.6.1. Comparison with experiments 

Jiang and Wu compared their calc ulatio n via the kinetic spin Bloch equation approach with experimental 
results measured in GaAs in Refs. [ji, 586 . 900i1 . The results are presented in Fig. l90f a)-(c) where the calculated 
spin lifetimes are plotted as solid curves and the experimental results as red dots. It is seen that the calculation 
agrees quite well with experimental data for both n- and p-type GaAs in a wide temperature and density regimes. 
The deviation in the low-temperature regime {T < 20 K) in Fig. l90f a) is due to the rising of electron localization. 
Good quantitative agreement with experimental data for intrinsic GaAs at room temperature was also achieved by 



Review of the experimental studies and the single-particle theories on electron spin relaxation in bulk fi-type and intrinsic III-V semiconductors 
in metallic regime is presented in Sec. 4.2.1 and 4.2.2, respectively. Studies on electron spin relaxation in bulk f>-type III-V semiconductors was 
reviewed in the book "Optical Orientation" IllTll . 
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Figure 90: (a) n-GaAs. Spin relaxation times t from tlie experiment in Ref. (4] (•) and from the calculation via the kinetic spin Bloch equation 
approach with only the D'yakonov-Perel' mechanism (solid curve) as well as that with only the Elliott- Yafet mechanism (dashed curve), = 
lO'* cm"', n, = )!(, and = lO'* cm"', yo = 8.2 eV-A'. (b) /)-GaAs. Spin relaxation times t from the experiment in Ref. |586] (•) and from the 
calculation via the kinetic spin Bloch equation appro ach (solid curve), ni, = 6x lO" cm"', = and T = 100 K. yp = 8.2 eV-A'. (c) p-GaAs. 
Spin relaxation times t from the experiment in Ref. 19001 (•) and from the calculation via the k inetic spin Bloch equation approach (solid curve), 
ni = 1.6 X lO'* cm"', «, = and Wex = lO'* cm"', yo = 10 eV-A'. From Jiang and Wu fTToll . 



Jiang and Wu in Ref. f589'l. In those calculations, all the material parameters are taken from the standard handbook 
of Landolt-Bornstein |204]. The only free parameter is the Dresselhaus spin-orbit coupling constant jd which has 
not been unambiguously determined by experiment or theory. Nevertheless the parameter jd for GaAs us ed in the 
calculation is close to the value from recent ab initio calculation with GW approximation {jo = 8.5 e V-A "^) lll39ll and 
that from the recent fitting of the magnetotransport in chaotic GaAs quantum dots (yo = 9 eV-A^) lll40ll . The good 
agreement with experimental data indicates that the calculation has achieved quantitative accuracy. 

5.6.2. Electron-spin relaxation in n-type bulk III-V semiconductors 




Figure 91: Ratio of the Elliott- Yafet spin relaxation time tey to the D'yakonov-Perel' one tdp for (a) «-InSb (b) n-InAs and n-GaAs as function 
of temperature for various electron densities. In Fig.(b): iig = 10'* cm"' (curve with •), 2 X lO" cm"' (curve with □), lO'* cm"' (curve with A) 
for InAs, and «<, = lO'* cm"' (curve with V) for GaAs. From Jiang and Wu [1 10]. 



Comparison of different spin relaxation mechanisms. In n-type bulk III-V semiconductors at low photo- 
excitation density, the Bir-Aronov-Pikus mechanism is irrelevant as the hole density is low. The mechanisms left 
are then the Elliott- Yafet and D'yakonov-Perel' mechanisms. Previously, it was believed that the Elliott- Yafet mech- 
anism is important in narrow bandgap semiconductors, such as InSb and InAs. Jiang and Wu compared the relative 
efficiency of the two mechanisms at various conditions for InSb and InAs ill lOll . The results are shown in Fig. 1911 
In contrast to previous understanding, they found that the Elliott- Yafet mechanism is much less efficient than the 
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D'yakonov-Perel' one in both InSb and InAs. Although the low-temperature results for the high density cases are 
absent in Fig.|9T] it was found that in such regime the ratio tey/tdp varies slowly with temperature jl lOtl . For GaAs, 
the Elliott- Yafet mechanism is still less important as indicated by Fig. l9TT b). 

To give a qualitative picture of the relative importance of the Elliott- Yafet mechanism in other III-V semiconduc- 
tors, Jiang and Wu analyzed the problem by using the approximate formulae for the D'yakonov-PereF and Elliott- 
Yafet spin relaxation time [Eqs. i53[ and (|62]|1. From those equations, 

— = ^<«k)T^0. (267) 
Tup iA 

Here © = 87^m^£'^(l - ri/3)^/[(l - 77/2)^77^]. Q and A are numerical factors around unity. The factor 0, which is 
solely determined by the material parameters, is listed in Table |2] for various III-V semiconductors. The spin-orbit 
coup hng p arameter jo is fitted from experiments (except that yo's for I n? and GaSb are from the k ■ p calculation in 



Ref. 1113811 ). whereas other parameters are from Landolt-Bomstein 120411 . One notices from the table that the factor 
is much smaller for InAs and InSb than other III-V semiconductors. According to this, the Elliott- Yafet mechanism 
should be much less efficient than the D'yakonov-Perel' one in GaSb and InP. Actually, one notices that oc Zi^ which 
decreases rapidly with decreasing bandgap. In commonly used III-V semiconductors, InSb has smallest bandgap. 
However, even for InSb the Elliott- Yafet mechanism is much less important than the D'yakonov-Perel' mechanism in 
the metallic regime. Therefore, in other III-V semiconductors, the Elliott- Yafet mechanism is also unimportant^'^ 



Table 2: The factor for III-V semiconductors. From Jiang and Wu fl ltf|. 





GaAs 


GaSb 


InAs 


InSb 


InP 


0(eV) 


2.7x10-^ 


0.12 


2.0x10-^ 


9.2x10-'* 


0.27 



Very recentl y, Li tvinenko et al. studied the magnetic field dependence of spin lifetime in «-type InSb and InAs 
experimentally \9QV\. They found in n-InSb that the spin lifetime increases significantly with increasing magnetic 
field in the Faraday configuration (magnetic field parallel to spin polarization) [see Fig. l92ll . As the Elliott- Yafet spin 
relaxation has little magnetic field dependence, this result implies that the dominant spin relaxation mechanism in n- 
InSb is the D'yakonov-Perel' mechanism at low magnetic field. At high magnetic field the Elliot- Yafet spin relaxation 
dominates as the D'yakonov-Perel' mechanism is strongly suppressed by the longitudinal magnetic field. They found 
similar results in n-InAs. These results confirmed the previous prediction by Jia ng an d Wu that the Elliott- Yafet 
mechanism is less efficient than the D'yakonov-Perel' one in «-type InSb and InAs il l 1011 . 

The D'yakonov-Perel' spin relaxation. As both the Bir-Aronov-Pikus and Elliott- Yafet mechanisms are unim- 
portant in bulk n-type III-V semiconductors in metallic regime, the only relevant one is the D'yakonov-Perel' mech- 
anism. Although the D'yakonov-Perel' mechanism has been studied for about forty years, the understanding on it in 
bulk III-V semiconductors is yet adequate. For example, in the previous literature, the electron-electron scattering has 
long been believed to be irrelevant in bulk III-V semiconductors. Jiang and Wu showed that the electron-electron scat- 
tering is important for spin relaxation in «-GaAs in the nondegenerate regime except when the electron-longitudinal- 
optical-phonon dominates momentum scattering. The same conclusion should also hold for other bulk n-type III-V 
semiconductors. 

The D'yakonov-Perel' spin relaxation: density dependence. In Fig. l93l a). spin relaxation time as function of 
electron density is plotted for «-GaAs at 40 K. The density of impurity is taken as the same as that of electron, n, = n^. 
Remarkably, one notices that the density dependence is nonmonotonic with a peak around = 10'^ cm"^. Previously, 
the nonmonotonic density dependence of spin lifetime was observed in low-temperature (T <5 K) experiments, where 
the localized electrons play a crucial role and the electron system is in the insulating regime or around the metal- 
insulator transition point. Jiang and Wu found, for the first time, that the spin lifetime in metallic regime is also 



This is also tr ue fo r intrinsic III-V semiconductors and in most cases for p-type semiconductors as well as for some II- VI semiconductors (such 
as CdTe, see Ref l590ll ). 
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Figure 92: Spin lifetime in n-InSb as function of magnetic field at 100 K. The magnetic field is parallel to the spin polarization direction (Faraday 
configuration). Theoretical dependences o f the Elliott- Yafet (dashed curve), D'yakonov-PereF and the total (solid curve) spin lifetimes are also 
shown. Reproduced from Litvinenko et al. l90lll . 



nonmonotonic. Moreover, they pointed out that it is a universal behavior for all bulk III-V semiconductors at all 
temperature where the peak is located at Tf ~ T with Tf being the electron Fermi temperature. From the piont of 
view of spintronic device application, as devices are more favorable to operate in the metallic regime, this prediction 
gives the important information that the longest spin lifetime in metallic regime is at Tf ~ T. The underlying physics 
for the nonmonotonic density dependence in metallic regime is elucidated below. 

To un derst and the D'yakonov-Perel' spin relaxation qualitatively, let us first recall the widely used approximate 
formulae 1 117 1. Tdp - l/[(|n(k)|^ - Qj(k))r*] where (...) denotes the ensemble averagelf^ The expression contains 
two key factors of the D'yakonov-Perel' spin relaxation: (i) the inhomogeneous broadening from the k-dependent 
transverse spin-orbit field ~ (|n(k)p - Qj(k)); (ii) the momentum scattering time r* [including the contributions 
of the electron-impurity, electron-phonon, electron-electron and electron-hole (whenever holes exist) scatterings]. 
The D'yakonov-Perel' spin relaxation time increases with increasing momentum scattering rate, but decreases with 
increasing inhomogeneous broadening. 

To elucidate the underlying physics, Jiang and Wu plotted the spin relaxation times calculated with only the 
electron-impurity, electron-electron and electron-phonon scatterings in Fig. [93]' a) respectively. It is seen that the spin 
relaxation time with only one kind of scattering is smaller than that with all scatterings, which is a consequence of 
the motional narrowing nature of the D'yakonov-Perel' mechanism oc l/r^. One notices that the electron-electron 
scattering gives important contribution to spin relaxation in the nondegenerate (low density) regime. Interestingly, 
both the electron-electron and electron-impurity scatterings lead to nonmonotonic density dependence of spin relax- 
ation time. One notices that the electron-phonon scattering is much weaker (the corresponding spin relaxation time is 
much shorter as t, oc I/tj,) as the temperature is low. 

Let us first look at the density dependence of the electron-electron scattering time. In fact, the density and temper- 
ature dependen ces o f the electron-electron scatteri ng time h ave been widely investigated in spin-unrelated problems 
(see, e.g., Ref. 1 848 1'). From the previous works ll843[ l848l] . after some approximation, the asymptotic density and 
temperature dependences of the electron-electron scattering time in the degenerate and nondegenerate regimes are 
given by. 



n]/T^ 



for 



t'^p oc /n^ for 



T « Tf, 
T » Tf. 



(268) 
(269) 



"<...> - 
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From the above equations, one notices that the electron-electron scattering time in the nondegenerate and degenerate 
regimes has different density dependence. In the nondegenerate (low density) regime, the electron-electron scattering 
time decreases with electron density [see Eq. ( 12691 )1. where the inhomogeneous broadening ~ (|Q(k)p - 0^(k)) oc 
(bI) (fik is electron kinetic energy) varies slowly with density as the electron distribution is close to the Boltzmann 
distribution in nondegenerate regime. The spin relaxation time thus increases with electron density. In degenerate 



(high density) regime, both the electron-electron scattering time [see Eq. (I268b 1 and the inhomogeneous broadening 

P ■ 



increase with electron density. Therefore, the spin relaxation time r., ^ l/[(|Q(k)|^ - 0^(k))T!f] decreases with 



electron density. 

For spin relaxation associated with the electron-impurity scattering, the scenario is similar: In nondegenerate 
regime, the decrease of the electron-impurity scattering time with electron density (1/t" oc n, - rie) leads to the 
increase of the spin relaxation time with increasing electron density. In the degenerate regime, the inhomogeneous 
broadening increases with increasing electron density, as (|Q(k)p - Q?(k)) oc k^ocn^^. On the other hand, the electron- 
impurity scattering time varies slowly with electron density because 1 /tJ,' ~ njV^^kf ~ riekf/kp oc Consequently, 
the spin relaxation time decreases with increasing electron density. For spin relaxation related to the electron-phonon 
scattering, the situation, however, is different: In nondegenrate regime both the inhomogeneous broadening and the 
electron-phonon scattering rate vary slowly with electron density as electron distribution is close to the Boltzmann 
distribution. In degenerate regime, the increase of the inhomogeneous broadening is faster than the variation of the 
electron-phonon scattering, which hence leads to the decrease of spin relaxation time with increasing electron density. 

In summary, the electron density depdence of spin relaxation time is nonmonotonic as the momentum scattering 
time and the inhomogeneous broadening have different qualitative density dependences in the nondegenrate and 
degenerate regimes. The spin relaxation time increases (decreases) in the nondegenrate (degenerate) regime with 
increasing electron density. A peak hence locates in the crossover regime, where Tf is around T. Such a scenario 
should hold for all the III-V semiconductors at all temperature and the nonmonotonic density dependence is thus a 
universal behaviorF*! Furthermore, in Fig.l93]'b). Jiang and Wu showed that the nonmonotonic density dependence of 
spin relaxation time also exists even when the spin-orbi t coupling is do minated by the linear-k termr^l Subsequently, 



similar behavior was found in two-dimensional system 111 1 lLl299ll613[l. where the underlying physics is similar. The 



predicted peak was later observed by Krauss et al. L563i1 (see, also Il564tl ). 
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Figure 93: «-GaAs at T = 40 K. (a) spin relaxation time r as function of electron density (n, = «<,) from full calculation (curve with •), from 
calculation with only the electron-electron scattering (curve with □), with only the electron-impurity scattering (curve with A), and with only the 
electron-phonon scattering (curve with V); (b) spin relaxation time r as function of electron density (n,- = n,,) for the case with strain-induced 
spin-orbit coupling (curve with •: with both the linear- and the c ubic-k spin-orbit coupling; curve with A: with only the linear-k spin-orbit coupling) 
and the case without strain (curve with □). From Jiang and Wu IllOll . 



The nonmonotonic density dependence should also exist in bulk II- VI semiconductors with zinc-blende structures which has similar band 
structure with III- VI semiconductors. 

^-From this point, the nonmonotonic density dependence should also exist in bulk wurtzite semiconductors with bulk inversion asymmetry, such 
as GaN, AIN and ZnO. 



124 



5.6.3. Electron-spin relaxation in intrinsic bulk III-V semiconductors 

In intrinsic semiconductors, the carriers are generated by photo-excitation where the electron density is equal to 
the hole density n^ - «/, - N^x (A^ex denotes the excitation density). As the impurity density is very low (one can take 
n, - 0), the carrier-carrier scattering is dominant unless at high temperature where the electron-longitudinal-optical- 
phonon scattering becomes more important. Intrinsic bulk semiconductors thus offer a good platform to study the 
many-body effect to electron spin relaxation. 

Comparison of different mechanisms. As both the Bir-Aronov-Pikus and D'yakonov-Perel' mechanisms con- 
tribute to electron spin relaxation, the relative efficiency of the Bir-Aronov-Pikus and D'yakonov-PereF mechanisms 
should be compared. In Fig. l94T a) the Bir-Aronov-Pikus and D'yakonov-PereF spin relaxation times as function of 
temperature are plotted. It is noted that the Bir-Aronov-Pikus spin relaxation time is over one order of magnitude 
larger than the D'yakonov-PereF one, which indicates that the Bir-Aronov-Pikus mechanism is much less efficient 
than the D'yakonov-PereF one in intrinsic bulk III-V semiconductors. Systematic calculation for various tempera- 
tures and excitation densities confirms that the Bir-Aronov-Pikus mechanism is irrelevant in intrinsic bulk GaAs in 
the metallic regime. Such conclusion also holds for GaSb. Recent experiments arrived at the same conclusion for 
intrinsic InSb Ii553i1 . Therefore, the Bir-Aronov-Pikus mechanism is unimportant in intrinsic GaAs, GaSb and InSb. 
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Figure 94: Spin relaxation time r for intrinsic GaAs witli excitation density = lO" cm"^. Tlie initial spin polarization is P = 50%. (a) spin 
relaxation time r due to the Bir-Aronov-Pikus (BAP) and D'yakonov-Perel' (DP) mechanisms as function of temperature, (b) The Bir-Aronov- 
Pikus spin relaxation time calculated from Eq. 12701 (dotted curve with A), from the kinetic spin Bloch equation approach with both long-range and 
short-range exchange scatterings (solid curve with •) as well as from the kinetic spin Bloch equation approach with only the short-range exchange 
scattering (solid curve with □). (c) The D'yakonov-Perel' spin relaxation time from full calculation (solid curve with •), from the calculation 
without the Coulomb Haitree-Fock term (dashed curve with □), and from the calculation without the electron-hole Coulomb scattering (dotted 
curve with A). From Jiang and Wu lllOll . 

The Bir-Aronov-Pikus spin relaxation: short-range vs. long-range interaction and the Pauli blocking. As to 

the Bir-Aronov-Pikus spin relaxation, it should be mentioned that the lo ng-range part of the electron-hole exchange 
interaction [see Eq. (l34l il has always been ignored in the literature 13, 21 , K)8, 436"]. Jiang and Wu examined the rela- 



tive contribution of the long-range and short-range interactions to the Bir-Aronov-Pikus spin relaxation. In Fig. |94T b) 
the Bir-Aronov-Pikus spin relaxation time calculated with both the long-range and short-range exchange interactions 
as well as that without the long-range exchange interaction are plotted. It is seen that the spin relaxation time increases 
by about three times when the long-range exchange interaction is removed. This indicates that the long-range inter- 
action is more important than the short-range one in GaAs and hence can not be neglected. More over, in the previous 
literature, the Bir-Aronov-Pikus spin relaxation time was calculated via the Fermi Golden rule ll3i l390ll . 

As pointed out by Zhou and Wu in the two-dimensional system il09ll (see Sec. 5.4.6), such approach, which ignores 
the Pauli-blocking effect of electron distribution, fails at low temperature (in degenerate regime). The spin relaxation 
time calculated from Eq. (I270I I with only the short-range exchange interaction is plotted in Fig. |94fb). One notices 
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that the resuhs from Eq. (12701 ) indeed deviate from the exact resuhs via the kinetic spin Bloch equation approach at 
low temperature. 

The D'yakonov-Perel' spin relaxation: temperature dependence and the effects of the Coulomb Hartree- 
Fock term and the electron-hole scattering. In Fig.jgUc) the D'yakonov-PereF spin relaxation time as function 
of temperature is plotted. The initial spin polarization is P = 50%, i.e., ideal circularly polarized light excitation. 
To elucidate the role of the Coulomb Hartree-Fock term, the spin relaxation time calculated without the Coulomb 
Hartree-Fock term is also plotted. It is seen that the Coulomb Hartree-Fock term largely affects the spin relaxation 
at low temperature, whereas at high temperature it is ineffective. The underlying physics is as follows: The spin 
relaxation time under the Hartree-Fock effective magnetic field is estimated as [similar to Eq. (l64] ll 

TAP) = T,(P = 0)[1 + (gfiBBliFTpf] (271) 

where Bhf is the averaged effective magnetic field and t* stands for the momentum scattering including the carrier- 
carrier scattering. At low temperature, the carrier-carrier [see Eq. ( I268b 1 and electron-phonon scatterings are sup- 
pressed. Therefore, t* is large and the Hartree-Fock magnetic field has strong effect on spin relaxation time. However, 
at high temperature the momentum scattering is strong and t* is small. Consequently, the Hartree-Fock magnetic field 
has little effect on spin relaxation. 

It is noted that without the Coulomb Hartree-Fock term the spin relaxation time has nonmonotonic temperature 
dependence. Usually, the spin relaxation time without the Coulomb Hartree-Fock term is close to the spin relaxation 
time at small initial spin polarization. To confirm that, Jiang and Wu plotted the spin relaxation time at the same 
condition but for P - 2% in Fig. |95] It is seen that the spin relaxation time is indeed nonmonotonic in temperature 
dependence^ In contrast, the spin relaxation time decreases with increasing temperature in «-type III-V semicon- 
ductors as the electron-impurity scattering dominates at low temperature. The nonmonotonic temperature dependence 
of the spin relaxation time originates from the nonmonotonic temperature dependence of the electron-electron and 
electron-hole scattering times as noted from Eqs. ( I268l l and ( |269l i ri The peak is then located in the crossover regime. 



Systematic calculation indicates that the peak temperature is around Tfl3 and lies in the range of {Tf/4, Tf/2) for 
various carrier density in both GaAs and In As 1 1 10]. 

The spin relaxation time calculated without the electron-hole scattering is also plotted in Fig. l96l c) to indicate the 
contribution of the electron-hole scattering. It is seen that at high temperature (T > 60 K), the spin relaxation time 
becomes smaller without the electron-hole scattering. However, at low temperature (T < 60 K), the spin relaxation 
time becomes larger The decrease of the spin relaxation time at high temperature indicates the importance of the 
electron-hole scattering according to the motional narrowing t, oc I/tj,. However, at low temperature, the Coulomb 
Hartree-Fock term complicates the behavior. According to Eq. (1271b . if the Coulomb Hartree-Fock term plays signifi- 
cant role [i.e., (g/j^BBuFT'p)^ > l],thenTs ~ [(|Qp - Q?)T*]"'(§/iBfiHF'!"P^ ~ t*. Therefore removing the electron-hole 
scattering leads to longer spin relaxation time. These results demonstrate that the electron-hole scattering plays an 
important role in both low and high temperature regimes. 

The D'yakonov-Perel' spin relaxation: initial spin polarization dependence. The effect of the Coulomb 



Hartree-Fock term is also reflected in the initial polarization dependence of the spin relaxation time 041114211441132611 . 
which is plotted in Fig. |95] It is seen that the spin relaxation time increases by about one order of magnitude when 
the initial spin polarization increases from 2% to 50%. Without the Coulomb Hartree-Fock term the increment of 
the spin relaxation time is negligible (not shown). It was also found that, in contrast to the two-dimensional case 
ll4lll4ll44l.[326ll. the initial spin polarization dependence in n-type III-V semiconductors is very weak. This is be- 



cause the momentum scattering in n-type III-V semiconductors is strong even at low temperature as the impurity 
density is high («,■ = n^) 1 110]. 

The D'yakonov-Perel' spin relaxation: density dependence. In Fig. |96ta), the density dependence of the 
spin relaxation time is plotted. It is seen again that the Bir-Aronov-Pikus mechanism is much less efficient then the 
D'yakonov-Perel' mechanism. Remarkably, the density dependence is nonmonotonic and a peak exhibits. The un- 
derlying physics is similar with that for the «-type case except that the electron-impurity scattering is substituted by 



^^The nonmonotonic temperature dependence of spin relaxation time lias been observed in bulk intrinsic GaAs recently [902*], which confirms 
the prediction by Jiang and Wu [1 lOll . 

**The electron-hole scattering time has similar temperature dependence as that of the electron-electron scattering. 
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Figure 95: Intrinsic GaAs with N^^ = 2 X lO" cm Spin relaxation time r as function of temperature for P = 2 % (curve with □) and the spin 
relaxatio n tim e as function of initial spin polarization P for T = 20 K (curve with •) (note that the scale of P is on the top of the frame). From Jiang 
andWu flToll . 

the electron-hole scattering. As the electron-hole scattering has similar density dependence with that of the electron- 
electron scattering, the density dependence of the spin relaxation time is then nonmonotonic. The peak is also located 
in the crossover regime, where Tf is around T. Such behavior is also universal for all bulk intrinsic III-V semicon- 
ductors at all temperaturel3 

To elucidate the role of the electron-hole scattering and the Coulomb Hartree-Fock term in spin relaxation, the 
spin relaxation times calculated without these terms are plotted together with the spin relaxation time from the full 
calculation in Fig. |96lb). The importance of the electron-hole scattering is obvious in a wide density range. The 
Coulomb Hartree-Fock term is shown to be important only in the high density regime!^ 




Figure 96: Intrinsic GaAs with P = 50% and T = 40 K. (a) The Bir-Aronov-Pikus (BAP) and D'yakonov-Perel' (DP) spin relaxation times 
T as function of photo-excitation density Wex- (b) The D'yakonov-PereF spin relaxation time from the full calculation (curve with •), from the 
calculation without the Coulomb Hartree-Fock term (curve with and from the calculation without the electron-hole Coulomb scattering (curve 
with A). From Jiang and Wu [1 10.1 . 



5.6.4. Electron-spin relaxation in p-type bulk III-V semiconductors 

Comparison of the D'yakonov-Perel' and Bir-Aronov-Pikus mechanisms in GaAs. The main sources of spin 
relaxation have been recognized as the Bir-Aronov-Pikus and D'yakonov-Perel' mechanisms |i3J0 An important 



Such density dependence should also hold for strained III-V semiconductors, wurtzite semiconductors with bulk inversion asymmetry and bulk 
II- VI semiconductors. 

*'The Hartree-Fock effective magnetic field can be estimated as Bhf = VqrifPKgfiB) where Vq describes the average Coulomb interaction. Hence 

the Hartree-Fock effective magnetic field is strong at high electron density. 

*'The ElHott-Yafet mechanism was checked to be unimportant in metallic regime for both p-GaAs and p-GaSb by Jiang and Wu llldl . 
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issue is the relative e fficien cy of the two mechanisms under various conditions. This was studied comprehensively by 
Jiang and Wu in Ref. f 1 10*]. Below we review their results. 

Low photo-excitation case. Jiang and Wu first discussed the low photo-excitation case. In this case, the electron 
density is low and the electron system is nondegenerate. The ratio of the Bir-Aronov-Pikus spin relaxation time to the 
D'yakonov-Perel' one is plotted in Fig. |97l' a) for various hole densities as function of temperature. It is seen that the 
D'yakonov-Perel' mechanism dominates at high temperature, whereas the Bir-Aronov-Pikus mechanism dominates 
at low temperature. This is consistent with the common belief in the literature (H, 21 , 22, 106l 108 , 436ll . 

The temperature dependences of the Bir-Aronov-Pikus and D'yakonov-Perel' spin relaxation times are plotted in 
Fig. l97l b) for a typical case with «/, = 3 x 10'** cm""*. It is seen that both the D'yakonov-Perel' spin relaxation time 
and the Bir-Aronov-Pikus one decrease with temperature. As electron system is nondegenerate, the inhomogeneous 
broadening varies as ~ - O^) cc T^, which leads to the rapid decrease of the D'yakonov-Perel' spin relaxation 
time. The Bir-Aronov-Pikus spin relaxation time decreases with temperature partly because of the Pauli blocking 
of holes. To elucidate this, the Bir-Aronov-Pikus spin relaxation time without the Pauh blocking of holes is plotted 
as dotted curve in Fig. l97l b). The results indicate that the Pauli blocking of holes effectively suppresses the Bir- 
Aronov-Pikus spin relaxation at low temperature and makes the temperature dependence of the Bir-Aronov-Pikus 
spin relaxation time stronger. 
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Figure 97: p-GaAs. Ratio of the Bir-Aronov-Pikus spin relaxation time to the D'yakonov-Perel' one tbap/^dp as function of temperature for 
various hole densities with A'ex = lO'* cm"^ and n, = ni,. (a): = 3 X lO'^ cm"^^ (curve with •), 3 X lO'* cm"' (curve with □), 3 X lO'^ cm"' 
(curve with A), and 3 X lO"* cm"' (curve with V). (b): The spin relaxation times due to the Bir-Aronov-Pikus (BAP) and D'yakonov-Perel' (DP) 
mechanisms, the total spin relaxation time and the ratio tbap/^dp (curve with A) vs. the temperature for n;, = 3 X lO'^ cm"'. The dotted curve 
represents the Bir-Aronov-Pikus spin relaxation time calculated without the Pauli blocking of holes. Note the scale of tbap/i'dp is on the right 
hand side of the frame. From Jiang and Wu 1 110]. 



High photo-excitation case. The high photo-excitation case was also discussed by Jiang and Wu. The excitation 
density was taken as A^ex = O.ln^. The ratio of the Bir-Aronov-Pikus spin relaxation time to the D'yakonov-Perel' one 
as function of temperature for various hole densities is plotted in Fig.|98la). Interestingly, the ratio is nonmonotonic 
and has a minimum roughly around the Fermi temperature of electrons, T ~ Tp. In contrast to the low photo- 
excitation case, the Bir-Aronov-Pikus mechanism no longer dominates the low temperature regime. To understand 
such behavior, the spin relaxation times due to the two mechanisms and their ratio are plotted in Fig. l98l b) for a 
typical case «/, = 3 x lO"* cm"^. Before looking at the figure, one should note that the only difference for the two 
cases it that the electron density is much larger in the high excitation density. In the figure, one notices that, quite 
differently, the D'yakonov-Perel' spin relaxation time saturates at low temperature, which is the reason why the ratio 
of the two spin relaxation times increases at decreasing temperature. The underlying physics for the saturation of 
the D'yakonov-Perel' spin relaxation time at low temperature is as follows: As the electron density is high, at low 
temperature the electron system enters into the degenerate regime, where the inhomogeneous broadening and the 
momentum scattering (dominated by the electron-impurity scattering) varies slowly with temperature. This thus leads 
to the saturation of the D'yakonov-Perel' spin relaxation time at low temperature. 

Role of screening on D'yakonov-Perel' spin relaxation. One may find from Fig.|98];b) that the D'yakonov-Perel' 
spin relaxation time has nonmonotonic temperature dependence. Unlike the nonmonotonic temperature dependence in 
intrinsic semiconductors, here the behavior is not caused by the carrier-carrier scattering. The underlying physics is a 
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Figure 98: p-GaAs. Ratio of the Bir-Aionov-Pikus spin relaxation time to the D'yakonov-Perel' one tbap/^dp as function of temperature for 
various hole densities with = 0.1«;, and «, = (a): n/, = 3x lO'^ cm"^ (curve with •), 3 X lO'^ cm"^ (curve with □), 3 X lO" cm"^ (curve 
with A), and 3 X 10'* cm"' (curve with V). The hole Fermi temperatures for these densities are = 1.7, 7.7, 36, and 167 K, respectively. The 
electron Fermi temperatures are Tp = 2.8, 13, 61, and 283 K, respectively, (b): The spin relaxation times due to the Bir-Ai'onov-Pikus (BAP) and 
D'yakonov-Perel' (DP) mechanisms, the total spin relaxation time and the ratio tbap/^dp (curve with A) vs. the temperature for = 3x lO"* cm"'. 
The dotted (dashed) curve represents the Bir-Aronov-Pikus spin relaxation time calculated without the Pauli blocking of electrons (holes). Note 
the scale of tbap/'J'dp is on the right hand side of the frame. From Jiang and Wu 1 1 IQI . 



little bit more complex: it is related to the temperature dependence of screening. To elucidate the underlying ph ysics , 
Jiang and Wu plotted the D'yakonov-Perel' spin relaxation times calculated with the Thomas-Fermi screening i346ll 
[which applies in the degenerate (low temperature) regime], the Debye-Huckle screening |346] [which applies in 
the nondegenerate (high temperature) regime] and the screening with the random-phase approximation 1 346] (which 
applies in the whole temperature regime) in Fig. l99l a). It is noted that with the Thomas-Fermi screening (which 
is temperature-independent) the peak disappears, whereas with the Debye-Huckle screening the peak remains. This 
indicates that the increase of screening with decreasing temperature is crucial for the appearance of the peak. The 
scenario is as follows: With decreasing temperature, the electron system gradually enters into the degenerate regime 
and the temperature dependence of the inhomogeneous broadening ~ - O^) becomes mild. However, as the hole 
Fermi energy is smaller than the electron one (due to its large effective mass), there is a temperature interval where the 
hole system is still in the nondegenerate regime. The screening, which mainly comes from holes (again, due to its large 
effective mass), still increases with decreasing temperature significantly, ~ 1/T. Therefore, the electron-impurity 
scattering (the dominant one at such temperatures) time, -fjl cc l/[{Vg) oc {(q^ + K^y^)], increases with decreasing 
temperature. Thus the spin relaxation time, ~ 1/((|Q|^ - Qj)Tp, decreases with decreasing temperature at such 
temperature interval. When the temperature is further lowered down, both the screening and the inhomogeneous 
broadening vary little with temperature and the spin relaxation time saturates. These behaviors, together with the 
decrease of the spin relaxation time with increasing temperature at high temperature (mainly due to the increase of 
inhomogeneous broadening in nondegenerate regime), lead to the nonmonotonic temperature dependence. The peak 
is roughly around the electron Fermi temperature, T ~ Tf. 

It is noted from Fig. l98l b) that the temperature dependence of the total spin relaxation time is still monotonic: 
it decreases with increasing temperature. This is due to the contribution of the Bir-Aronov-Pikus mechanism. It is 
expected that in other materials where the Bir-Aronov-Pikus mechanism is less important than that in GaAs, such as 
GaSb, the temperature dependence of the total spin relaxation time is nonmonotonic. 

The question arises that whether there is a nonmonotonic temperature dependence of the spin relaxation time 
in n-type semiconductors due to screening. A simple estimation may help to illustrate the problem: the electron- 
impurity scatterinsF^ rate varies as oc {kV^} oc {k(q^ + k^Y^) ~ {k){K^y^ ~ r^^F^ whereas the inhomogeneous 
broadening varies as ~ <|Q|2 - q2) ~ {si) ~ T\ Therefore, the spin relaxation time r, ~ l/[<|ilp - Oj)t^''] ~ r-°^ 
still decreases with increasing temperature. Such estimation applies for nondegenerate regime. For other regimes, the 



The electron-impurity scattering is the cause of the monotonic temperature dependence of the spin lifetime in n-type semiconductors. 
*'The factor (k) comes from the density of states. This factor varies little in the p-type case in the above discussion at the relevant temperature, 
as electron system is in the degenerate regime. 
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inhomogeneous broadening still varies with temperature faster than the scattering rate does. Therefore the the spin 
relaxation time always decreases with increasing temperature in n-type III-V semiconductors in metallic regime. 

However, the situation may change when the strain-induced spin-orbit coupling dominates. In such case, the 
inhomogeneous broadening ~ - O^) ~ (et) ~ T varies with temperature slower than the electron-impurity 
scattering does. One readily obtains that r, ~ T^-^ in nondegenerate regime. As shown in Fig.|99lb). the temperature 
dependence is indeed nonmonotonic in strained n-GaAs with = 2 x lO'^ cm"^. However, the screening effect is 
only important for low electron density < 10'^ cm"^. At high electron density, the screening plays a marginal role 
in the electron-impurity scattering even at low temperature. This is because 1/tJ,' oc {k{q^ + k^T^). When electron 
density is high, the factor becomes larger than on average. 




Figure 99: (a) p-GaAs with liole density = 3 X lO'** cm"^', n, = n;, and Wex = O.lji;,. Temperature dependence of the D'yakonov-Perel' 
spin relaxation times calculated with the Thomas-Fermi (TF) (curve with □) and Debye-Huckle (DH) (curve with A) screenings as well as the 
screening with the random-phase-approximation (RPA) (curve with •). (b) H-GaAs with electron density = 2x lO" cm"^, n, = and 
Wex = 4 X lO'^^ cm"^. The spin relaxation times calculated with the Thom as-Fermi and Debye-Huckle screenings as well as the screening with the 
random-phase-approximation vs. temperature. From Jiang and Wu IllOll . 



Photo-excitation density dependence. After analyzing the relative efficiency of the D'yakonov-PereF and Bir- 
Aronov-Pikus mechanisms in the two limiting cases of low and high photo-excitation, one would be eager to see the 
crossover between the two limits. In Fig. 1 1001 the photo-excitation density dependence of the Bir-Aronov-Pikus and 
D'yakonov-Perel' spin relaxation times as well as their ratio are plotted for two hole densities at 50 K. In the low 
excitation limit, the D'yakonov-Perel' (Bir-Aronov-Pikus) mechanism is more important for the case in Fig. 11001 (a) 
[(b)]. For both cases, the Bir-Aronov-Pikus and D'yakonov-Perel' spin relaxation times first decrease slowly then 
rapidly with increasing photo-excitation density. Moreover, the D'yakonov-Perel' spin relaxation time decreases 
faster than the Bir-Aronov-Pikus one. Hence the importance of the Bir-Aronov-Pikus mechanism decreases with 
photo-excitation density. 

To understand such behavior, one notices that only the electron density varies significantly with the photo- 
excitation density. The photo-excitation density dependence of the Bir-Aronov-Pikus spin relaxation time mainly 
comes from the fact that 1/tbap °c (vk) <^ (^H^) [see Eq. (|69]l1, whereas that of the D'yakonov-Perel' spin relaxation 
time originates from the inhomogeneous broadening 1 /tdp - Q?) oc {s^}. At low photo-excitation density, the 

electron system is nondegenerate, thus both the Bir-Aronov-Pikus and D'yakonov-Perel' spin relaxation times vary 
slowly. At higher photo-excitation density, both the Bir-Aronov-Pikus and D'yakonov-Perel' spin relaxation times 
decrease rapidly with photo-excitation density but the D'yakonov-Perel' spin relaxation time decreases faster 

Hole density dependence. The hole density dependence of both the D'yakonov-Perel' and Bir-Aronov-Pikus spin 
relaxation times together with their ratio are plotted in Fig. llOll It is noted that the Bir-Aronov-Pikus spin relaxation 
time decreases as at low hole density, which is consistent with tbap ^ ^/rt/, [see Eq. (l67Ti1. At high hole density, 
tbap decreases slower than l/n/, due to the Pauli blocking of holes. The density dependence of the D'yakonov-Perel' 
spin relaxation time is not so obvious: the spin relaxation time first increases, then decreases and again increases 
with the hole density. As the electron distribution (hence the inhomogeneous broadening) does not change with the 
hole density, the variation of the D'yakonov-Perel' spin relaxation time comes solely from the momentum scattering 
(dominated by the electron-impurity scattering). Jiang and Wu found that the nonmonotonic hole density dependence 
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Figure 100: p-GaAs. Spin relaxation times r due to tlie Bir-Aronov-Pikus (BAP) and D'yakonov-Perel' (DP) mechanisms together with the total 
spin relaxation time vs. the photo-excitation density A'ex ■ The ratio of the two is plotted as dashed curve (note that the scale is on the right hand 
side of the frame), (a): n, = «;, = 3 X lO" cm"^. (b): n, = = 3 X 10'^ cm"'. T = 50 K. From Jiang and Wu lUOn . 



of the D'yakonov-Perel' spin relaxation time is again related to the screening. 
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Figure 101: p-GaAs. (a): spin relaxation times r due to the Bir-Aronov-Pikus (BAP) and D'yakonov-Perel' (DP) mechanisms together with the 
total spin relaxation time against hole density N^g, = lO'** cm"', n, = n/,, and T = 60 K. The dotted curve denotes a fitting of the curve with 
• using i/rii, scale. The curve with A denotes the ratio tbap/^'dp (note that the scale is on the right hand side of the frame), (b): spin relaxation 
times due to the D'yakonov-Perel' mechanism with the Debye-Huckle (DH) (curve with □), Thomas-Fermi (TF) (curve with A), and the random- 
phase-approximation (RPA) (curve with •) screenings. The ratio K-/{q^) is plotted as curve with V (note that the scale is on the right hand side of 
the frame). From Jiang and Wu [1 10i1 . 



To elucidate the underlying physics, the D'yakonov-Perel' spin relaxation time calculated with the random-phase- 
approximation screening together with those calculated with the Thomas-Fermi screening 1 346] and the Debye-Huckle 
screening i346ll are plotted in Fig. llOlf b). From the figure it is seen that the first increase and the decrease is related 
to the Debye-Huckle screening, whereas the second increase is connected with the Thomas-Fermi screening. The 
underlying physics is understood as follows: In the low hole density regime, the screening (mainly from holes) 
is small and the Coulomb potential, Vq oc 1/(k^ + q^), changes slowly with the screening constant k as well as 
hole density. Hence the electron-impurity scattering increases with «/, as l/rj^' oc «, - rih. For higher hole density 

> 10'^ cm"^), the screening constant k becomes larger than the transfered momentum q. Hence the electron- 
impurity scattering decreases with «/, because l/r^' oc n,((/c^ + q^Y^) ~ rihK^* oc nj^^ as oc m, for the Debye-Huckle 
screening. As the hole density increases, the hole system gradually enters into the degenerate regime, where the 
Thomas-Fermi screening applies and oc n^j^. Hence, the electron-impurity scattering increases with the hole density 
as oc «/,/<•"'* oc Consequently, the D'yakonov-Perel' spin relaxation time first increases, then decreases and 
again increases with increasing hole density. 
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6. Spin diffusion and transport in semiconductors 



6.1. Introduction 

m^y^^^jyym Sclcti ty Gas 



Yy /Zi^f/'^''''-^''^ -L - — i^-'v^wyr^^^ 

Figure 102: Schematic of Datta-Das transistor. From Datta and Das (54ll . 

The implementation of spintronic devices also relies on the understanding of spin resolved transport phenomena. 
The first prototype of the spin field-effect-transistor, proposed by Datta and Das |54] and named after them, utilizes 
the Rashba spin-orbit coupling for operation. As shown in Fig. 11021 the so called Datta-Das transistor consists of a 
three-layer structure with magnetic source and collector connected by a semiconductor channel, and a voltage gate. 
The spin polarized carriers are injected into the conducting channel from the source and driven towards and detected 
by the collector The carriers can flow freely through the drain ("on" state) if their spins are parallel to that of drain 
or are blocked ("off" state) if anti-parallel. Similar to the traditional field-effect-transistor, the on/off states of spin 
field-effect-transistor are switched by the gate voltage which controls the spin direction of the passing carriers via the 
Rashba spin-orbit coupling acting as an effective magnetic field, with its strength controlled by the gate voltage. It is 
believed that spin field-effect-transistor has the advantages of low energy consumption and fast switching speed since 
it does not involve creatin g or eliminating the electrical conducting channel during the switching like the traditional 
field effect transistor ll576i i903ll Fl 

As one can see from the operation of the spin field-effect-transistor prototype, the topics of spin transport include 
the generation of nonequilibrium spin polarized carriers in conductors, the transfer of these carriers from one place to 
another insider the conductor and/or across the interfaces into other conductors, as well as the detection of the spin 
signal of these carriers. 

Generation of the spin polarization can be achieved by optical orientation of electron spin through transfer of an- 
gular momentum of the circularly polarized photons to the carriers [3] and electric injection of spin polarized carriers 
from ferromagnetic conductor into non-magnetic conductor I904i905i1 . When electrons transfer from spin polarized 
regime to unpolarized one, say from ferromagnetic metal or semiconductors a cross the interface into non-magnetic 
conductors, nonequilibrium spin polarization accumulates near the interface ||23 . l906ll . Due to spin relaxation, the spin 



polarization of the carriers in the nonmagnetic conductor is not spacial uniform but decays as carriers move away from 
the interface, characterized by the spin injection length. The spacial inhomogeneity of the spin polarization also re- 
sults in the spin diffusion, whose rate is described by the spin diffusion coefficient. In the presence of the electric field, 
spins are dragged by the electric field along with the carriers. The response to the electric field is characterized by the 
conductivity or mobility. An important task is to reveal the relations among these characteristic parameters and how 
these parameters change under different conditions. Spin detection is to extract the information of spin polarization 
by sensing the change of the magnetic, optical and/or electrical signals due to the nonequilibrium spin polarization 
in the non-magnetic conductor. In experiments, optical methods are usually more powerful as one can generate high 
spin polarization in semiconductor and detect the spin signals with spacial resolution optically. However, it is more 
desirable to generate and detect the spin signal electrically in real spintronic devices. 

Even though the Datta-Das transistor is conceptually simple, there are some crucial obstacles which make it hard 
to be realized: The low spin injection/detection efficiency between the semiconductor and ferromagnetic source and 



'"Although operations of the spin field-efFect-transistor do not create or eliminate conducting channel, the electrons have to travel between the 
source and drain when the transistor switches on/off states. Therefore, the switching time of spin field-elfect-transistor is limited by the mobility of 
the ch annel . The energy dissipation and the switching time of traditional and spin field-effect-transistors were compared theoretically by Hall and 
Flatte t222h . They pointed out that the energy dissipation of a typical spi n fiel d-effect-transistor can be two orders of magnitude smaller than that 
of a typical traditional transistor, but the switching time is usually longer |222|| . 
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drain due to the conductance mismatch l 907 - 9ldl (see Sec. l6.2.4l for details) and spin-flip scattering at the interfaces 



I 911l - l914tl . spin relaxa tion in the semiconductor channel due to the joint effect of the spin-orbit coupling and (spin 



conversing) scattering IIOIL I102L 1915 1 (see Sec. 5 for more details), and the precise control of the gate controlled 



spin-orbit coupling. Due to these difficulties the Datta-Das transistor has not been realized until Koo et al. claimed so 
recently |55], although there are still controversies on their claim [916-918]. 

To overcome these obstacles one must first understand spin transport inside the semiconductor channel and across 
the interfaces. A lot of understandings on spin transport, to be reviewed in following sections, have been gained 
in the past decade. Based on these understandings, some variants of the Datta-Das transistor have been proposed. 
Schliemann et al. first proposed a no nball istic spin field-efifect-transistor based on the spin-orbit coupling of both 
the Rashba and the Dresselhaus types i339ll . Due to the interplay of these two types of spin-orbit coupling, the spin 
diffusion length in th e semicon ductor channel becomes larger or even infinity for spin polarized along some special 
directio ns 1.194 ,1961 Eol l9ll [9201 or for spin polarized current flowing along some special directions 11181 



37[l339[l92lll (see Sec. l7.5l for details). This type of spin field-effect-transistor is robust against the spin conversing 



scattering and is a more realistic alternative to the Datta-Das spin field-effect-transistor 

6.2. Theory of spin injection based on drift-diffusion model 

Although spin transport in semiconductor is a relatively new problem, study of the spin transport in ferromag- 
netic material has much longer history. It is thus natural to borrow the concepts and methods of spin transport in 
ferromagnetic metal to study the spin transport in semiconductor In ferromagnetic conductors, the carriers and cur- 
rent are spontaneously spin polarized below the Curie temperature. The basic transport properties of ferromagnetic 
metal can be understood by two-current model, where majority (say, spin-up) and minority (spin-down) carriers 
contribute unequally and independently to the total conductance [922-926]. In two-current model, the spin-up and 
down electrons tran sport independently except for weak spin-flip scattering that flips carriers of one spin to the other 



1 9071 l908l I925L 192711 . The carriers of different spins usually have different diffusion coefficients Dyi and mobilities 
jj-l/l. The electric currents of the spin-up and -down electrons are determined by the drift caused by the electric field 
and diffiision due to th e spacial inhomoge neity of the carrier densities. Under linear approximation and in the diffusive 



hmit, the cuiTents are ll22ll907ll908ll927 1 



j;, = -en,,<v,,)=ejt/,,n,,E -1- eDy^Vn,, = o-r,E + eA,Vn,, (77 i), (272) 

where n,j and 0-^, = efij^nij are the electron density and conductance of spin rj, respectively. The electric field E is 
determined by the Poisson equation 

V-E = -VV = e(nT +«1 -«o)/e, (273) 

with (/), -e, s and «o being the electric potential, electron charge, dielectric constant and the background positive charge 
density respectively. Since the total electron number is conservative, one can write down the continuity equations for 
these two kinds of electrons: 

5«n 1 dn„ 6nfi 

= -V-j„-^ + ^, (274) 

with 6n^ - nrf — n^^ and t,,^ standing for deviation of the nonequilibrium charger density n^, from the equilibrium one 
«° and the average carrier spin-flip time, respectively. 

Combined with different initial and boundary conditions, the above drift-diffusion equation or its equivalence is 
widely used in the study of spin-related transport in semiconductors, including in the understanding of the existing 
experimental spin injection/extraction results and in the proposing of new schemes of spintronic devices. However, it 
should be pointed out that although these equations give qualitatively correct results in many cases, the validity of the 
drift-diffusion model should be carefully examined when applied to spin transport in semiconductors. This is because 
the spin transport in ferromagnetic metal and semiconductor can be quite different: Fkst, the applied electric field and 
spacial gradient of electron density in metal are usually small due to large conductance and high carrier density, hence 
electrons are usually not far away from the equilibrium. Therefore Eq. (I272I I describes the current in metals accurately 
in most cases. In semiconductors, however, both the applied electric field and the gradient of carrier density can be 
very large, and electrons can be easily driven to states far away from the equilibrium. As a result, Eq. (1272b may no 
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longer hold. More importantly, the spin-up and -down branches in ferromagnetic metal are well separated and the 
coherence between these two branches is very small. While in nonmagnetic semiconductor the spin-up and -down 
electrons are usually degenerate, an applied or effective (from the spin-orbit coupling) magnetic field can cause spins 
to precess and result in large spin coherence. 

Therefore quantitative calculation based on the drift-diffusion model is questionable when the spin coherence is 
essential to the spin kinetics or when the electrons involve in the transport are far away from the equilibrium. It has 
been shown that in the presence of the magnetic field, either the external applied one or the intrinsic eff'ective one from 
the spin-orbit coupling, the drift-diffusion model is inadequate in accounting for the spin transport in semiconductors 



0251 1271 128ll32ll3361 . Nevertheless, the drift-diff'usion model is still useful in qualitative study of spin transport since 



its simplicity and flexibility to add new factors of physics. 

6.2.7. Spin transport in nonmagnetic semiconductor using drift-diffusion model 

One can easily obtain some basic properties of the spin transport using drift-diff'usion model to study the transport 
property of the magnetic momentum inside nonmagnetic semiconductors in the simplest case. Assuming that the 
charge density in nonmagnetic semiconductor is uniform and the electronic transport coefficients are not affected by 
the spin polarization, one can then write down the transport equation for the magnetic momentum S in a uniform 
electric field E and magnetic field B [915'], 

— = DV^S - efiE ■ VS + gyUfiB x S , (275) 

dt Tj 

with yu, D, and I/t, being the charge mobility, diffusion coefficient and spin relaxation time, respectively. Note that 
the drift-diffusion equation here has been modified to include the Larmor precession of the spin around the applied 
magnetic field B. 

Spin accumulation in the steady state. When a semiconductor is in contact with a spin polarization source at 
X = 0, B - and the electric field is along the x-direction, the drift-diffusion model predicts spin accumulation with 
exponential decay in the sem iconductor S (x) - S oexp[- x/Ls(E)] in which the electric-field-dependent spin injection 



length reads looi l928i |929|] 




i;'W=^,|..^^-j|^. (276) 

where L., - y/Dr^ is the difiiision length, - \efiE\Ts = Iv^It, is the drifting length over spin relaxation time with 
drift velocity determined by the electric field. Without the electric field, the spin injection length is the diffusion 
length Ls- The applied electric field can significantly change the injection length by dragging or pulling the electron 



09281 192911 : For large downstream electric field, the electron spin injection is the distance that the electrons move with 
drift velocity within the spin lifetime time, Ls{E) - Lj; For large upstream field, LsiE) - L^JLd- 

Evolution of the spin polarized electron package. The shape of a spin polarized carrier packet changes with 
time due to the drift and diffusion. The temporal evolution of a (5 spin polarized packet of height 5o at = is 



S (x, f) = exp 
yJlnDt 



t {x - v^tf 



T, 4Dt 



(277) 



which has the form of Gaussian function whose center is determined by the drifting, Vdt, and width determined by the 
diffusion, VDt. 

6.2.2. Hanle effect in spin transport 

In the spacial homogeneous syste m with a sp in excitation source, such as circularly polarized light lll l3TTll930ll 
or spin resonant microwave radiation ll93ll l932ll . the total spin is the accumulation of survival spin from the past. 
When a perpendicular magnetic field is presented, spin undergoes Larmor precession. Since spins excited at different 
time have different precession phases and tend to can cel each o ther, the perpendicular magnetic field reduces th e tota l 



accumulated spin. This is known as the Hanle effect ll915il933ll . In spin transport, the Hanle effect also appears fl5 



Spin accumulation at position x is the sum of the electron spins travel from different places. Since different electrons 
have different transit time when they reach x, their phases are different and tend to cancel each other As shown in 
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Fig. 11031 for a constant spin pumping/injection starting from f = at x = 0, when a constant magnetic field B is 
applied along the y direction, the spin accumulation at time t and position x is 



Jo V27!t' 



5.v(x,f)= r 

Jo 



^-t'lT,-(x-enEt'fl(ADt') 



2nt' 



sinwf' dt' , 



(278) 
(279) 



with (jj - gjiBB being the Larmor frequency. For the steady state spin injection under a magnetic field, the spin 



accumulation can be calculated by letting time in Eqs. ( 1278b and (|279t to be infinity or can be solved directly from 



Eq. ( 1275b . The results are 



where 



S,{x) = 5()e"'^^^'<^'*'cos[x/Lo(£,B)], 
S^x) = 5oe"'^^'<^'*'sin[.x/Lo(£,B)], 



L-\E,B) 



\E\ 111 ^ L, \ 



1 + 



+ {(JJTs)^ COS ■ 



Lo'(£,B) = - 
tane 



1 



1 + 



+ (wr,)2 sin -, 



(280) 
(281) 



(282) 

(283) 
(284) 



One can see that the spin polarizations change with the position as a damped oscillation with the electric and magnetic 
field dependent injection length Ls{E, B) and the spacial oscillation "period" Lq{E, B) defined by Eqs. ( I2821l284"l l. 
Even when there is no spin relaxation mechanism, i.e., = oo, the spin injection length is still finite in the presence 
of a perpendicular magnetic field, L7'(0, B) - L^^(0,B) - Vci;/2Dr 'I Without the driving of the electric field, the 
oscillation "period" is larger or close to the injection length, which means that the oscillation may not be easy to 
detect. Under a strong downstream electric field, LsiE, B) ^ Ld, and L\^{E, B) ^ LjjcoTs, it is then possible to observe 
many oscillations in spin accumulation. 
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Figure 103: Orientations of spin transport and electric/magnetic fields. 



6.2.3. Spin injection theory 

To study the spin injection from ferromagnetic electrode to semi conductor, it is usually more convenient to use the 
drift-diffusion equation in the form of electrochemical potential 122119071 1908ll927ll . For the state near the equilibrium, 
5n^{r) - g^6^ij(r), with 5^,;(r) - ^,,(r) - ^,^(r) standing for the deviation in the chemical potential ^;,(r) away from the 
equilibrium one ^°(r) of the electron with spin p at p osition r. g,j = idn^jdl,^) is the temperature dependent density of 
states. The current can be rewritten as 11221 19071 l908l 192711 



j, = -cr,V<^(r) + eD„g,V6^ = y V^„(r), 



(285) 



This effect was first predicted by Weng and Wu microscopically from the kinetic spin Bloch equation approach l33dl . 
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in which we have used the Einstein relation, cr,^ = e^D,jg^, and introduced the electrochemical potential, ((r) - 
?(r) - ecf>(r). 

Introducing the notations, ^ = + 8l' 8^ = 8^- 8l^ o" = o-| + cr|, o-,^o-f- cr^, ^ = + ^x)/2, = (^i - ^x)/2, 
D = (D| + Z)|)/2 and = - Z);)/2, and enforcing the charge neutrality, i.e. «| + «| = + nj, one obtains 

ax) + e^{x) = -gsUx)l8- (286) 
The non-equihbrium spin accumulation is expressed as 

6S = IML^^. (287) 

From Eq. (I285I I one can further write down the charge and spin currents expressed in form of the electrochemical 
potential, 

j. = jt+ji = -V^+— Vf,, (288) 

e e 

is = jt-Ji = — V^+-Vf,, (289) 
e e 

% = DV^,-^, (290) 
at Ts 

with D = g{gi/Di + gilD-^Y^ being the effective spin diffusion coefficient. 

From these equations, one can obtain the spin transport properties in conductors. For nonmagnetic conductor, 
the spin-up and -down bands are degenerate, one recovers the results obtained in Sec. 16.2. II for the spin transport 
in nonmagnetic conductor under weak electric field. In ferromagnetic conductor, the dynamics of nonequilibrium 
spin accumulation is similar to that in nonmagnetic conductor, i.e., it exponentially decays with the position, with 



the spin diffusion length being L, = yOr,. For a uniform ferromagnetic conductor without nonequilibrium spin 
accumulation, the current polarization is determined by the difference of the conductivities of the two spin branches. 

Pa = jslie = (r.l<T. (291) 

In the presence of the spin accumulation, the current polarization is modified as 

Pj ^P^ + L,VCs/(jeR), (292) 

where R = crL J(4o-icri) is the effective resistance of the conductor with unit surface area over a distance of the 
diffusion length. 

6.2.4. Spin injection efficiency of ferromagnetic conductor/nonmagnetic conductor junction 

To discuss the spin injection from ferromagnetic conductor into nonmagnetic conductor, one needs to study the 
transport through their interface. In drift-diffusion model, the effect of interface is phenomenally described by spin 
selective interface conductance. Assuming that there is no strong spin-flip scattering at the interface, the current of 
each spin branch is conservative. However, the electrochemical potential can be discontinuous if the contact is not 
oh mic. Introducing the cont act conductance Z,, for spin ri, the boundary condition at the interface (x=0) is then written 
as ll9Qil9Qll9Q7l [90^191^ 

;„(0) = 2„[V(0)-^„^(0)]. (293) 

Similarly, one can introduce 2 = 2| -i- Ej^, = S| - S| and rewrite the boundary conditions for charge current and 
spin current. 

Using the above drift-diffusion equation, the matching condition of interface at jc = 0, and the boundary conditions 
^pi-oo) - and ^jA((oo) = at the far left end of ferromagnetic electrode and the far right end of nonmagnetic elec- 
trode, one is able to write down the spin injection efficiency across the ferromagnet/nonmagnetic conductor junction. 
The current polarization at the interface is 1907. .9081 
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where Rp, and Rc - 2/(4S|S|), are the effective resistances of ferromagnetic conductor, nonmagnetic conduc- 
tor and contact, respectively. Pa-p and Pc - (S-f - are the conductance polarizations of the ferromagnetic 
conductor and contact respectively. Since the ferromagnetic conductor usually has much larger conductance and 
shorter spin diffusion length, Rf <K R^. Therefore, for transparent contact, the polarization of the injected current 
PjiO) = Po-FRp/iRF + Rn) i s much smaller than PaF, the current polarization in ferromagnetic conductor, due to the 
conductance mismatch 119071491 Oil . For large contact resistance, the current polarization is determined by the contact 
polarization P,( 0) ^ Pc- Therefore the conduction mismatch can be reduced by inserting an spin selective layer with 
large resistance 1 22 , 907 - 9ld 927 , 934 ] . One can also avoid the conductance mismatch by using spin filter ll935l4937ll 
to replace the ferromagnetic metal as spin injector. 



6.2.5. Silsbee-Johnson spin-charge coupling 

In electrical spin injection, the spin polarized current flows from a ferromagnetic electrode into nonmagnetic con- 
ductor and produces a non-equilibrium spin accumulation near the interface in the nonmagnetic conductor. The inverse 
of the above effect also holds: The presence of non-equilibrium spin accumulation in nonmagnetic conductor near the 
interface will produce an electromotive force in the circuit which drives a charge current to flow in a close cir cuit or 
results in a voltage drop in an open circuit. This effect is called Silsbee-Johnson spin charge coupling i905[l938l] . This 
spin-charge coupling can affect the spin transport properties in return. In the spin injection, the electromotive force 
caused by the spin accum ulation impedes the charge/spin current and reduces the overall conductivity, which is called 
the spin bottleneck effect 19^ l938H94lll . 




Figure 104: Schema of Silsbee-Johnson effect and all electrical spin detection. From Johnson 194011 . 



Physically speak ing, this spin-charge coupling can be understood by the simplified model shown in Fig. 11041 



proposed by Silsbee 1193811 . In this model, it is assumed that the ferromagnetic electrode is a half-metal so that only one 
spin branch (say, spin-up) electrons carry the current and Fermi levels in ferromagnetic and nonmagnetic conductors 
are aligned before they are connected. After they are connected, the spin accumulation near the interface raises the 
(electro)chemical potential of spin-up electrons in nonmagnetic electrode, and lowers that of spin-down electrons to 
ensure the neutrality of charge, as shown in the left part of Fig. 11041 As a result of this electrochemical potential 
shifting in nonmagnetic electrode, an electromotive force must be produced to raise the electrochemical potential 
in ferromagnetic electrode so that it aligns with that of spin-up electrons in nonmagnetic electrode. Quantitative 
calculation of Silsbee-Johnson coupling based on drift-diffusion model can be obtained from Eqs. ( l28614293T l. In close 
circuit the change in the resistance caused by the spin bottleneck effect is 

5R = i_c;^ cj_^ ^295) 

Rf + Rc+ Rn 

For more complicated structures Uke ferromagnetic/nonmagnetic/ferromagnetic conductors, the resistance change due 
to the spin accumulation depends on the length of nonmagnetic conductor and the spin polarizations of ferromagnetic 
electrodes. When the length of nonmagnetic conductor is much larger than the spin diffusion length, the resistance 
change is simply the sum of that of two ferromagnetic/nonmagnetic contacts. When the length of nonmagnetic 
conductor is smaller than or of the order of spin diffusion length, the change in resistance depends on the alignment 



of the magnetic momentum of the two electrodes, as shown in the right part of Fig. 11041 This is kno wn as spin valve 



effect. It can be quantitatively calculated by matching the boundary conditions on these two contacts 1190811 . 
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In open circuit, for a spin accumulation at x - 0, the voltage drop caused by the electromotive force over a distance 
far longer than the spin diffusion length is given by 



^c|,^{gJg-(T,|a■)(M|e. (296) 

If a second ferromagnetic electrode is attached to the nonmagnetic electrode, it can be used to detect the spin ac- 
cumulation at the interface of the nonmagnetic electrode and the second ferromagnetic electrode. If there is spin 
accumulation, the voltage drop between the nonmagnetic and the second ferromagnetic electrodes depends on the 
relative alignments of the spin momentums in these two electrodes, as shown i n the right part of Fig. 11041 Silsbee- 



Johnson spin-orbital coupUng is particular useful in the non-local spin detection 112811 l940U946ll . 



6.3. Spin injection through Schottky contacts 

In the drift-diffusion model, the contact of ferromagnetic conductor and semiconductor is usually described as 
a sheet layer with finite or zero resistance. Studies of the spin injection through Schottky barrier, which appears 
natural ly at the i nterface of ferromagnetic met al and sem iconductor, have also been carried out using drift-diffusion 
model §471 im and Monte Carlo simulation ll949ij954ll . 



In the framework of the drift-diffusion model, the tunneling through the Schottky barrier is still described by 
(spin selective) interface resistance. However, the conductivity inside the semiconductor is no longer a constant, 
since it is proportional to carrier concentration which varies dramatically with position near the Schottky barrier. 
Taking the position dependence of the conductivity into account, it is shown that the existence of a depletion region 
of the Schottky barrier greatly reduces the spin accumulation. For a ferromagnetic metal/semiconductor c ontact wit h 



significant depletion region, the spin accumulation is reduced almost to zero in a distance less than 100 nm 119471 l948n . 



Outside the depletion region, the spin accumulation decays with the distance at a slower rate of spin injection length 
(at the order of 1 yum). The existence of the Schottky barrier also greatly reduces the spin polarization of the injected 
current. Although the spin polarization of injected current decays at the rate of spin injection length throughout the 
semiconductor side, it drops rapidly inside the ferromagnetic conductor near the ferromagnetic metal/semiconductor 
surface when a high barrier is presented. 

In the Monte Carlo simulations, studies focus on the transport inside the semiconductor The ferromagnetic 
conductor is treated as source that provides spin polarized carriers and is not aff'ected by the semiconductor. The 
curr ent is injected into the semiconductor through the barrier by both thermionic emission and direct tunneling ll955[ 



95611 . In this model, the tunneling probability through the barrier, proportional to the density of states for spin-up 
and -down carriers in the ferromagnetic conductor, is naturally spin dependent. Therefore, this model is beyond the 
drift-diffusion model. In the simulation, the spacia l pro file of the Schottky barrier is determined by solving the charge 



motion and the Poisson equation self-consistently II957[1 . The transport in the semiconductor is based on semiclassical 
approximation that includes "drifting" and "scattering" processes. The electron spin is subjected to the influent of 
the Rashba and/or Dresselhaus spin-obit interaction during the "drifting" process. The Monte Carlo simulations of 
the spin injection from Fe contact into GaAs quantum well showed that, although injected spin polarization is large 
right next to the Schottky barrier, similar to the results of the drift-diffusion model, the total spin polarization drops to 
nearly zero in a few tens of nanometers, a distance of the order of depletion region, due to large unpolarized carriers 
in the semiconductor Moreover, the average magnetic momentum of the injected electrons also decays dramatically 
in the depletion region but much more slowly beyond that. This is because the Rashba and Dresselhaus spin-orbit 
couplings depend on the electron momentum, the larger the kinetic energy, the larger the effective magnetic field. 
In the depletion region, electrons have much larger kinetic energy, therefore suffer much faster decay rate. Outside 
the depletion region, the decay rate is much slower as electrons lose their kinetic energy to overcome the electrical 
potential barrier as well as due to the inelastic scattering [949-954]. Usually, the Rashba effect considered in the 
spin kinetics in quantum wells is determined by the electric field perpendicular to the quantum well plane (due to the 
built-in electric field or the gate voltage). In the presence of the Schottky barrier, there is a strong in-plane electric 
field in the depletion region induced by the barrier This barrier induced electric field also leads to the Rashba effect 
and further reduces the magnetic momentum of the injected electrons f|952i1 . 

As one can see from the above studies that, a high Schottky barrier with significant depletion region is highly 
undesirable for spin injection. In order to increase the spin injection efficiency, one needs to modify the Schottky 
barrier A thin heavily doped layer, which sharply reduces the height and thickness of the barrier, was proposed 
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to be inserted between the ferromagnetic electrode and semiconductor to increase the injection efficiency ll958U965ll . 
Using this setup, highly efficient electrical spin injection can been achieved. It has been reported that in a wide range 
of temperature, up to 30% of the sp i n po larization is injected from Fe into n-type AlGaAs and GaAs and survives 
over a distance of 100 nm ll958ll959[l964|] . Up to 50% spin polarization has been reported to survive over a distance 
of 300 nm in the experiments of spin injection from Fe into «-type ZnSe when the temperature is around or less than 
100 K 1966]. 

Theoretical studies of spin injection ffirough the inte rface of fe rromagnetic conductor and semiconductor with a 6- 
doped layer near the interface were carried out in Refs. j960'"963']. In these studies, it was assumed that the depletion 
region is only a few nanometers and the tunneling electrons do not lose their spin polarization over this region. By 
assuming ffiat the depletion region is of triangular shape, a direct tunnel current was calculated and the transport 
outside the depletion region was performed using the drift-diffusion model. Unlike the traditional drift-diffusion 
model, the spin polarization of ffie tunneling carriers depends on ffie band structure of ferromagnetic conductor, but 
is independent on the transport properties of the ferromagnetic metal. Hence, there is no conductance mismatch in 
this model, and it is possible to achieve high spin polarization at the interface. Moreover, it was shown that the spin 
injection efficient is not a constant but strongly depends on the injection current, the larger the current amplitude, 
the higher the injection efficiency. In order to achieve high efficiency, a high electric fi eld is required and therefore 
injection length also increases with the injection current as predicted by Eq. ( 12761 ) 1 960- 963]. However, the applied 
electric field al so en hances the Rashba spin-orbit coupling and reduces the injected spin polarization as pointed out by 
Wang and Wu ll952ll . Recent experiment by Kum et al. showed that ffie competing effects of ffie electric field cancel 
each other, leading to an almost negligible decrease of magnetoresistance with bias current ll967ll . 



6.4. Spin detection and experimental study of spin transport 

Experimental study of spin transport also requires an effective method to extract the spin information from semi- 
conductors. In some senses, spin detection and extraction are reverse of the spin generation and injection. Each spin 
generation/injection mechanism can also be reversely used to extract the spin information. Generally speaking, there 
are two categories of spin detection: optical and electrical spin detections. Optical spin detection, such as the Fara- 
day/Kerr rotation and circular polarization of electroluminescence, provides reliable information of spin polarization 
in semiconductor and has been proven to be a powerful experimental tool in the study of the spin transport. While 
high efficiency electrical spin detection is essential to the spin transistor. 



6.4.1. Spin detection using electroluminescence 

The electroluminescence is the reverse of the optical orientation. In the usual electroluminescence experiment 
setup, the electrons (holes) to be detected are driven to a structure like a light emitting diode where they recombine 
with unpolarized holes (electrons) and emit photons. Due to the selection rule, the emitted photons are circularly 
polarized if the carriers to be detected are spin polarized. By measuring the polarization of the electroluminescence, 
one obtains the spin polarization. This technique was employed in the first experimental observation of spin injection 
from ferromagnetic nickel tip of a scanning tunneling microscope into nonmagnetic /?-type GaAs, and the injected 
spin polarization of about 40% at the surface was reported i968ll . However, the early attempts on high spin injection 
efficiency in the real devices were not so successful due to spin-flip scattering at the interface and the conductance 
mismatch 1907 , l90i . Spin polarization injected from trad itional fer romagnetic metals, such as Fe, Ni, Co and their 



alloys, into GaAs or InAs was usually only a few percents 1I969U97I . By various means, the spin injection efficiency 



has been improved over the years. Here we list some important results in the following, loosely cataloged by the 
structures used in the experiments. 

• Spin injection from ferromagnetic or diluted magnetic semiconductors into GaAs: Ferromagnetic or diluted 
magnetic and nonmagnetic semiconductors have similar conductance, therefore spin injection in ffiese struc- 
tures surfers less conductance mismatch. However, since ferromagnetic semiconductor has low Curie tem- 
perature, the experiments are usually performed at low temperature. Spin injection from «-type II-V diluted 
magnetic semiconductor into n-GaAs under applied magnetic field is very efficient. Injected spin polarization 
from Bc rMnyZni^x-ySe into GaAs achieves 90% at low temperature (< 5 K), but drops to 20% when the tem- 



perature rises to 35 K II522L 197211 . Spin injection from p-type GaMnAs or MnAs into n-type GaAs is more 



difficult. The efficiency of direct spin injection from GaMnAs or MnAs into n-type GaAs usually is only a few 
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percent even at low temperat ure 1 973 - 976ll . Injection from GaMnAs or MnAs via interband tunneling in Esaki 
diode is much more efficient [^977- 984 1. 80% injected spin polarization in Esaki diode has been realized when 
temperature is 10 K |983]. Molenkamp gr oup has pr oposed and demonstrated to use a magnetic double barrier 
resonant tunneling diode as spin injector ll985U989ll . A spin polarization up to 80% has been injected from 
BeTe/Zni_ iSe/BeTe into GaAs under 1.6 K temperature and 7.5 T magnetic field 1 985 1 ^ 



Spin injection from traditional ferromagnetic metal through a Schottky barrier into GaAs or AlGaAs: By con- 
structing a Schottky barrier with narrow depletion regime at the interface of the ferromagnetic metal and semi- 
conductor, spin injection efficiency is greatly im prove d 1974. 990 - 9941 . Injected spin polarization of 30% from 
Fe into GaAs at room temperature was reported i993ll . 

Spin injection from traditional ferromagnetic metal through an insulator layer into GaAs or AlGaAs: By 
inserting an insulator tunneling layer, the injected spin polarization can be further increased. The tunneling 
layer improves the surface condition by preventing the magnetic atoms from diffusing into semiconductor and 
thus reduces the spin-flip scattering at the interface. Moreover, this tunneling layer can b e regarded _asa spin- 
selective contact with low conductance and hence reduces the conductance mismatch 11221 l907l l908l |927[ 193411 . 
Typical tunneling layers are composed of AlOv 1995- 998] and MgO |999- altho ugh GaOx has also been 



used to improve the charge injection efficiency 11 1 00811 . Using AlO.i as tunneling layer ll995U998ll. the injection 



- - ■ J-^l-^ ' 

efficiency can achieve 40% when the temperature is lower than 180 K II9971I998 '1. MgO tunneling layer is even 

more efficient in improving the spin injection. Due to the band structures and symmetry, tunneling from Fe, 
Co and their alloy through MgO barrier is stron gly spin selective. The conductance of majority spin is orders 
of magnitude higher than that of minority spin [ l OOOl ll009Ml012ll . In this case, the injected spin polarization 



is determined by the tunneling spin polarization. Injected spin polarization of 70-80% from CoFe electrode 
through MgO layer into GaAs at room temperature was reported j 



J >olanzation ( 
999[ll002ll . 



Spin injection from Heusler alloys into GaAs or AlGaAs: In additional to the spin injection from traditional 
ferromagnetic metal, there are also experiments on using Heusler alloys (some of them have been predicted to 
be half-metals [ 1013, 101^]) as spin injector in hoping that both high spin and charge injection efficiencies can 
be realized 1 101514 1019ll. Over 50% injection efficiency from Heusler alloy Co2FeSi into GaAs up to 100 K has 
been demonstrated 1101811 . 



The electroluminescence technique has also been used to demonstrate that spin polarized carriers can be injected 
and sustain the polarization over a microscopic distance by constructing the light emitting diode structure aw ay from 
the surface of ferromagnetic a nd non magnetic conductors 1522 , l52l[94ll9MI?70[l9Hl977^ 102111 or away 

from optical injection position fl022']. Considering the optical absorption of the semiconductor, the photon emitted at 
position away from the surface should be weighted as exp[-a{A)x]. By further combined with the fact that absorption 
coefficient is wave-lengffi dependent, experimental measuremen t of w ave-length dependence of the electrolumines- 
cence polarization was used to estimate the spin injection lengffi 1102311 . 



6.4.2. Spin imaging 

The spin detection using the Faraday/Kerr effect measures the Faraday/Kerr rotation angle of transmitted/reflected 
linearly polarized photons. These angles are pr oport ional to the spin component (magnetization) along the direction 
defined by ffie propagation of probe light beam 174811 . and thus provide direct information of the magnetization along 
ffiis direction. Usually the probe light is nearly normal to the sample surface, therefore only the magnetization normal 
to the surface can be measured by this technique directly. The information of spin coherence can be obtained by 
applying an in-plane magnetic field to rotate the in-plane spin component to ffie normal direction. Recently devel oped 
tomo graphic Kerr rotation technique further enables the measurement of the spin coherence at any direction i500l 



It is noted that the direction of the spin polarization through magnetic double barrier resonant diode can be changed by an external voltage 
which selects the spin dependent resonant tunneling level 1985-989]. This is quite different from the spin injection from ferromagnetic material 
where the injected spin polarization is the same as the majority spin of the injector. To change the spin direction injected from the fen'omagnetic 
injector, a magnetic field should be applied to change its spin direction. While using magnetic double barrier resonant diode, it can be achieved 
electrically. 
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Figure 105: Schematic experiment setup for spin image of electrical spin injection. Left: Surface scanning, an in-plane magnetic field is applied 
to rot ate the injected spin to out of plane for Ken' rotation measurement. From Crooker et al. 1 1025] ; Right: Side-surface scanning. From Kotissek 
etal. tl026ll . 



By moving the focus of the probe Hght and performing the measurement at different time, one obtains the space 
and temporal resolved information of the spin polarization, and thus images the transport of spin polarization. Typical 
schemes of experiment setups and results for spin imaging are shown in Fig. 11051 In the experiments, spin polarized 
carriers are usually injected from ferromagnetic films into the semiconductor. Depending on the e xperiment setup, the 
probe laser can be focused on the top surface of the semico nductor (left side of Fig. 11051 ) Il[30l[3ll l527il910ll 10251 



1027 1 or on the side-surface (right side of Fig. ll05l l 1 1026ll . Since the easy axis of the ferromagnetic film is usually 
para llel to the film plane, an in -plane magnetic field is required to rotate the injected spin to the normal of the surface 
I3(i[3ll l527[l910l 102511102711 . In the side surface scanning experiments, the easy axis of the ferromagnetic film can 
be arranged to be parallel to the probe laser and no magnetic field is required 1 1026]. The spin polarized electrons in 
ferromagnetic electrode are driven through interface into the semiconductors at low temperature. The polarization of 
the injected spin is estimated to be a few percents. Spin transport over macroscopic distance (> ljum) has been clearly 
demonstrated by these experiments |30, 31, 527, 910, 1025-1027]. The s pin image technique has also been adopted 
to study the spin accumulations caused by the extrinsic spin Hall effect ll7lM ll028Ul036ll . 



6.4.3. Electrical spin detection 

There are also many works on all electrical spin injection/transport/detection. The simplest electrical spin de- 
tection method is to utilize the magnetoresistive effect by driving the spin polarized carriers from one ferromagnetic 
electrode on one side across the interface to semiconductor and extract the spin using another ferromagnetic electrode 
on the other side as the Datta-Das transistor. Due to spin-valve effect, the resistances should be different when the spin 
momentum of left electrode is parallel and anti-parallel to that of the right electrode if the spin polarization injected 
from the left electrode survives at the right electrode. This effect is quantitatively characterized by magnetoresistance, 
the relative change of the resistance when the magnetic momentums change from parallel to anti-parallel alignments. 
Early works using this simple ferromagnetic/nonmagnetic/ferromagnetic sandwich structure indeed showed that the 
resistance does have the hysteresis loop when an m agnetic field is applied to change the direction of the magnetic 



resistance does have the hysteresis loop when an rn agnetic held is applied to change the direction or the magnetic 
momentum on the right electrode 19691 10371 1038 1. Due to conductance mismatch, magnetoresistance of the fer- 
romagnetic/semiconductor/ferromagnetic structure is not very large, usually less than 1 % for ohmic ferromagnetic 
metal/semiconductor contact |969, 1037, 1038]. For the system suffered less from the conductanc e mism atch, mag- 
netoresistance of 8.2% in MnAs/GaAs/Ga:MnAs structure has been archived at low temperature lll039ll . However, 
since magnetoresistance in this structure is usually low and the spin polarized current flows through ferromagnetic 
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Figure 106: (a) A schematic diagram of the non-local experiment (not to scale). The five contacts have magnetic easy axes along v-axis. The 
large aiTows indicate the magnetizations of the source and detector. Electrons are injected along the path shown in red. The injected spins (purple) 
diffuse in either direction from contact 3. The non-local voltage is detected at contact 4. (b) Non-local voltage, V'4 5, versus in-plane magnetic 
field, By , (swept in both directions) for sample A at a current /i 3=1.0 mA at T=50 K. The raw data are shown in the upper panel, the lower panel 
shows the data with this background subtracted, (c) Non-local voltage, V4 5, versus perpendicular magnetic field, B-, for the same contacts and bias 
conditions as in (b). The data in the lower panel have the background subtracted. The data shown in black are obt ained with the magnetizations of 
contacts 3 and 4 parallel, and the data shown in red are obtained in the antiparallel configuration. From Lou et al. l944ll . 



electrode, the spin accumulation signal can be masked by other magnetoresistance effects such as the anisotropic 
magnetoresi stance of the magnetic electrode and local Hall effect caused by the fringe magnetic field near the contact 
I 1040U1044 I. These direct measurements of spin valve effect in the sandwich structure are not decisive. 

A more sophisticated all electrical spin detection is to use non-local spin-valve effect 1 281 , 940l - 946ll . first pro- 
posed by Johnson based on the Silsbee-Johnson spin charge coupling |905, 938, 940, 94l. The schematic of non-local 
spin-valve setup used in the experiment by Lou et al. is represented in Fig. 11061 In the experiment different contacts 
are grown on top of a GaAs layer The spin polarized electrons are driven to form the spin polarized current flow 
between contacts 1 and 3, while non-local voltage between contacts 4 and 5 is measured. Due to Silsbee-Johnson spin 
charge coupling, if there is a spin accumulation at the interface of GaAs layer and contact 4, a change in the non-local 
voltage can be detected when the direction of magnetization in contact 4 changes. This non-local geometry separates 
the injection and detection paths and thus avoids or reduces the spurious effects caused by the other magnetoresis- 
tance effects. Using this technique, clearer signals of spin acc umulation were demonstrated through hysteresis loop 
behavior in the resistance change with the magnetic field 1 28 iL 1942 - 104511 . More recently, Koo et al. employed 
this method to demonstrate the oscillatory channel conductance due to gate voltage controlled spin precession 11551] . 
This experiment is of particular interest since it is claimed to be the first experimental realization of electric spin 
injection, spin detection and coherent spin manipulation in one device, although there are some controversies on the 
claim 1916-918]. 



6.4.4. Spin transport in silicon 

Spin related phenomenons in silicon has also attracted much attention recently because of the l ong spin life time in 



silicon and the comp atibility to the current industrial semiconductor technologies ]|149l [15 0[ |279il28al282il290l.l29ll 
295i 17761. l78lLll046l - ll058] . A major difficulty for studying spin related properties in silicon is the spin generation and 



detection. Optical spin generation/detection is not effective since silicon is an indirect-band semiconductor 121, 104^. 
Early studies o n the Farada y/Kerr effects in silicon were limited in very narrow frequency ranges in microwave or 
infrar ed region ]l l059 - IO61I] . Although the limitation was lifted by using terahertz time domain spectroscopy ] 1062[ 
10631] . which covers a wider frequency range, spin detection using the Faraday/Kerr rotation is yet to be conducted. 
There are a few experiments using electroluminescence to obtain the information of the spin polarization in silicon 
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Figure 107: (a) Schematic device structure of the SiGe spin 
Ught-emitting diode with the Co/Pt ferromagnetic top electrode 
and (b) associated simplified band diagram under bias in the in- 
jection regime. From Grenet et al. 127911 . 



Figure 108: (a) Electroluminescence spectra recorded at 5 K 
and 77 K for a saturated remanent state of the ferromagnetic 
Co/Pt contact. The appHed voltage and current are respectively 
around 10 V and 10 mA. The no-phonon (NP) peak is cleai'ly 
circularly polarized indicating an efficient spin injection into the 
sihcon top layer The transverse optical (TO) phonon replica is 
also sHghtly circularly polarized, (b) Electroluminescence cii- 
cular polarization recorded at the maximum of the non-phonon 
line for different remanent states of the Co/Pt layer (red dots). 
From Grenet et al. 1 27911 . 



]5y constructing surface-emitting light emitting diodes with n-i-p silicon layers, Jonker et al. demonstrated 
the electrical spin injection from Fe through an AI2O3 layer into n-type silicon. The injected spin polarization under 
3 T m agnetic field was estimated to be 30% at 5 K, with significant spin polarization extending to at least 125 K. 
1 28211 ■ Using a fully strained Sio.vGeo.s quantum well to replace the intrinsic silico n lay er, Grenet et al. demonstrated 
the electrical spin injection from CoFe into n-type silicon at zero magnetic field 127911 . Their experiment setup and 
results are shown in Figs. 11071 and 11081 The advantage of the strained SiGe quantu m weU over b ulk silicon is the 
appearance of the dkect optical transition throug h the so called non-phonon transition Ill064ll066ll . Due to the non- 
phonon transition and its phonon replica IIIO66II . radiative recombination in SiGe quantum well i s mu ch faster than 
that in silicon. The radiative relaxat ion t i me in SiGe quantum well is about tens of nanoseconds ['279'] compared to 
hundreds of microseconds in silicon 128211 1067ll 106811 . Moreover the presence of germanium and stress also enhances 
the spin-orbit coupling and rai ses the circu lar polarization of the emitted light from the recombination of the spin 
polarized electrons with holes fl069 Ul07lll . These factors improve the efliciency of the electroluminescence. Using 
this structure to detect the electrical spin injection from CoFe into silicon, as shown in Fig. 1 1081 c ircular polarization 
of 3% was achieved at 5 K and remained almost constant up to 200 K at zero ma gneti c field 11279 



Most spin related experiments in silicon use electrical injection/detection [149, 'l50', 280, 1048-10581, Il072 1. 
Robust electric spin i njection through a hot-ele ctron spin valve [149, 150. 279.. 280. 282.,, 1048-10541 or Schottky tun- 



neling barrier contact |28 111 105811 1073L 1 107411 into sihcon has been proposed and realized. The schematic electronic 



band diagram and experimental setup of spin injection and detection using the hot-electron spin valve are shown in 
Fig. 11091 Driven by the voltage Ve, unpolarized electrons are injected from nonmagnetic emitter (Al electrode in 
the original experiment) into ferromagnetic base (FMl) through a tunneling barrier. FMl base acts as a spin filter 
in which electrons with majority spin pass through the Schottky barrier into silicon ballistically, but electrons with 
minority spin can not pass as they quickly lose energy in the FMl base due to the spin selective scattering. Under 
the voltage Vd, electrons transport inside the silicon and arrive at the second ferromagnetic layer (FM2). FM2 serves 
as spin detector and makes the current 7^2 depend on the current spin polarization by allowing only electrons with 
majority spin of FM2 pass through into the second collector. The alignment of magnetic momentum of FMl and FM2 
can be changed by an in-plane magnetic field. The success of spin injection is demonstrated by spin valve effect and 
Hanle effect, shown in Fig. II 101 Spin valve effect, that is the change in the spin momentum alignments of FMl and 
FM2 results in the change in Ic2, is quantitatively described by magnetocurrent, (/^j - 1^2 ^ 1 1^2 ^ the relative change 



in the current when the ali gnme nt of magnetizations in FMl and FM2 changes. 2% magnetocurrent was observed 
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in the original experiment (l50!l- By relocating the ferromagnetic bases away from silicon interfaces to eliminate 
the "magnetically-dead" silicide layer | |1()75 - 10771 . the magnitude of magnetocurrent was substantially increased by 
more than one order of magnitude ll280lllO50ll . To further confirm that the change in_Zc2 is indeed caused by spin 
valve effect instead of other spurious effects, non-local spin detection was also used f28l'l. More conclusive results 
showing the spin precession and spin dephasing were obtained: A perpendicular magnetic field, which rotates the 
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injected spin, changes the relative alignment of the injected spin and spin in FM2. As a result Ic2 oscillates with the 
strength of the perpendicular magnetic field lfl49[[lHl280|j28lll048Ml054 l. 
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Figure 109: Schematic electronic band diagram (a) and exper- 
imental set up (b ) of the hot-electron spin valve. From Appel- 
baum et al. llSOll . 
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Figure 110: (a) In-plane spin- valve effect for the silicon spin 
transport device with emitter tunnel junction bias Ve = -1.6V 
and Vc\ =0V at 85K. (b) Spin precession and dephasing (Hanle 
effect), measured by applying a perpendicular magnetic field. 
From Huang et al. llOSai . 



Due to the spin relaxation and the interference of the spin precession around the magnetic field 1 25 , 336l 846l 



1052ll . the injected spin polarization decays with the distance. The spin injection length decreases with the increase 
of the magnetic field, and was shown to become very small when the magnetic field becomes slightly strong il50ll . 
Since 7^2 is proportional to the spin polarization at FM2, 1^2 also decreases with the magnetic fiel d. Th is decay, first 
predicted by Weng and Wu L3361 fully microscopically, was explained by the Hanle effect in Ref. jlSOll . 



7. Microscopic theory of spin transport 

In Section|6l the phenomenal theory of spin transport based on the drift-diffusion model is reviewed. In that model, 
all characteristic parameters such as the mobility //, diffusion coefficient D in spin transport, and spin relaxation 
time T5 can not be determined within the framework of model, but rather need to be experimentally measured or 
calculated from other theoretical model. It is usually assumed that ji and D are simply the charge mobility and 
diffusion coefficient. However, there is no reason that these assumptions should be universally true aside from the 
naive intuition, and the relations between the characteristic parameters of charge transport and spin transport remain 
yet to be revealed. In the presence of the spin-orbit coupling, the charge transport and spin transport are coupled. A 
fully microscopic theory is essential to understand this coupled transport. In this section, we will review spin transport 
inside the semiconductor from the fully microscopic point of view. The main results reviewed in this section are also 
based on the kinetic spin Bloch equation approach. The equations have been laid out in Sec. 5, but in Sec. 5 we 
focuses on reviewing the results of the spacial uniform system. The results reviewed in this section are foc used o n the 
spacial nonuniform system. There are several related researches based on the linear response theory JsS , 1078 1 and 
kinetic theorjQ 1. 1079. - . 1086] . whose results will also be briefly addressed. 



'Equations of this theory are the same as the kinetic spin Bloch equations but without electron-electron Coulomb interaction. 
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7.1. Kinetic spin Block equations with spacial gradient 

The kinetic spin Bloch equations for the spin kinetics in the presence of spacial inhomogeneity are given by 
Eqs. ( I155m62t . The electric field E in these equations is determined from the Poisson equation [Eq. ( I273l l1. As 
pointed out in Sec. 15.31 the kinetic spin Bloch equations include all the factors important to the spin dynamics, 
including the drifting driven by an electric field, diffusion due to the spacial inhomogeneity, spin precession around 
the total magnetic field as well as all the relevant scattering. By solving these equations, all the measurable quantities, 
such as mobility, charge diffusion length, spin diffusion length, can be obtained self-consistently without any fitting 
parameter. 

More importantly, from this fully microscopic approach, some important issues overlooked by the phenomeno- 
logical drift-diffusion model are recovered. Weng and Wu |336] performed the first fully microscopic investigation 
on spin diffusion and transport by setting up and solving the kinetic spin Bloch equations. Unlike the previous spin 
transport theories 1 907 , 908 , 927 - 929l 1087 - 1089 1 where only the diagonal elements of the density matrix Pa-a-0^, k, f) 
are included in the theory, they showed that it is of crucial importance to include the off-diagonal terms po-_o-(r, k, f) in 
studying the spin diffusion and transport |j25, 336ll . They predicted spin oscillations in GaAs quantum well along the 
spin diffiisionm the absence of any applied magnetic field 124 l25il . These oscillations were later observed in exper- 
iments jsl, 567 1. The spin oscillations without any appli ed magnetic fie ld are beyond the two-current drift-diffusion 
model widely used in the spin transport study ||2^ l907[ IgOSi I927U9291 (l087U 1 089ll . Moreover, by introducing the 
off-diagonal terms, Weng and Wu showed that there is an additional inhomogeneous broadening associated with the 
spacial gradient of the spin polarization |25, 28, 336]. As shown in Eq. ( 1157b . the coefficient of the spacial gradient 
is proportional to Vkek(r, 0. which is momentum dependent. It does not lead to any significant results for charge 
transport aside from the diffusion in space. However, when there is spin precession this momentum-dependent coeffi- 
cient in trodu ces an additional inhomogeneous broadening since the spacial spin precession is momentum dependent 
ll25iE8l[336ll . This inhomogeneous broadening, combined with any spin-conserving scattering, leads to an irreversible 
spin relaxation and dephasing in the spin transport. 

In the following subsections, we will first present some simplified cases where analytical results can be obtained. 
Then we review the numerical results from the kinetic spin Bloch equations. 

7.2. Longitudinal spin decoherence in spin diffusion 

The importance of the off-diagonal terms of the density matrix in the study of spin transport can be quaUtatively 
understood by studying the spin diffusion in GaAs quantum well in a much simplified case where there is no electric 
field, no scattering and no Hartree-Fock self-energy. Assuming that the transport is along the x-direction, in the steady 
state, the kinetic spin Bloch equations [Eqs. ( 1155111621 )1 can be simplified as 



^ + ' [h(k) ■ - , p(x, k, f )] = 0. 
m ox 2 



(297) 



In order to avoid the complexity of the spin injection, it is assumed that the electron at x = is polarized along the 
z-axis, and the boundary conditions are written as 



P(0,k) = | ^O(k) 



(298) 



where /o-(0, k) = ./J(k) - {exp[{sk - iJo-)/T] + 1) 'is the Fermi distribution function with chemical potential fig-- The 
solution to this equation in the steady state reads i2m 



pix,k) = e-'('«-/2Wh(k).trx^(Q^,^)^,(,„-/2Wh(k).o-._ 



(299) 



This equation describes the spacial spin precession around the total magnetic field h(k). For electron with momentum 
k, the precession period is characterized by 

6>(k) = h(k)m7;t.,. (300) 



h(k) - giJ.BR + with Q(k) being the D'yakonov-Perel' term. Eq. ( I299l l clearly shows the effect of the inhomoge- 
neous broadening in the spacial spin precession on the spin transport. For each electron moving along the jc-direction 
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with fixed velocity v^^ - kt/m*, its spin precesses with fixed spacial period without any decay. However, electrons 
with diff'erent momentums have diff'erent spacial precession periods and can have different precession axes if the Dres- 
seUiaus and/or Rashba terms are present. As a result, spins of different electrons eventually become out of phase and 
cancel each other as they moving along the transport direction. Due to this interference among electrons of different 
k, the total spin momentum decays along the diffusion distance. Comparing with the spin kinetics in the time domain, 
where the inhomogeneo us broadening is de termined by inhomogeneity in the precession frequencies and direction 
determined by h(k) 11441 l332l 1334 l363l 137211 . in spin transport it is determ ined by the inhomogeneous in the spacial 
oscillation "frequency" and direction given by <y(k) in Eq. ( I300I I lEs . 28 . 336ll . Even for a uniform magnetic field 
in the Voigt configuration, which does not induce any inhomogeneous broadening in the time domain, the spacial 
precession "frequencies" <y(k) are still different for different electrons. Therefore, a spacial uniform magnetic field 
alone can provide an inhomogeneous broadening in the spin transport as first pointed out by Weng and Wu back to 
2002 |25, 336]. This effect is illustrated in Fig. lll ll where the electron densities No- in a GaAs quantum well subject to 
a uniform in-plane magnetic field are plotted as functions of position x. In order to demonstrate the effect of this new 
inhomogeneous broadening, the spin-orbit coupling is assumed to be zero. One can clearly see the decay in spin po- 
larization due to the inhomogeneous broadening caused by the dif feren ce in spacial precession periods. The stronger 
the magnetic field is, the quicker the spin polarization decays ll25ll336ll . It is noted that although the inhomogeneous 
broadening alone can reduce the total spin momentum, it is just an interference effect. There is no irreversible loss of 
spin coherence since there is no scattering (hence no true dissipation) in system. This can be seen from the fact that 
the incoherently summed spin coherence p, also plotted in Fig. 



Ill II does not decay with the position. It should be 
pointed out that this additional spin decoherence is beyond the Hanle effect since for the latter the spin signal does not 
decay when there is no scattering according to Eq. ( 12821) . 




Figure 111: Electron densities of up spin and down spin (solid curves) and incoherently summed spin coherence p (dashed curve) versus the 
diffusion length x in n-type GaAs quantum well without spin-orbit coupling but with B = 1 T. Note the scale of the spin coherence is on the right 
side of the figure. From Weng and Wu | 336]. 



i rovides a channel wh ich combined with the inhomogeneous broadening leads 
a result both spin polarization and spin coherence 




When the scattering is turned o n, it 
to irreversible spin dephasi ng ||4 4 [ l33^ 

decay with the distance 11241 125[ l27l l28[ 13361 18461 . Similar to the spin evolution in the time domain, the scattering also 
has counter effect that suppresses the inhomogeneous broadening in (o(k) given by Eq. dlOOll |225, 226, 334, 833- 
l840ll . The spin dephasing/relaxa tion mechanism in spin transport has been realized experimentally by Appelbaum et 
al. Ill49l[l50ll28a 1104 814105311 in bulk silicon, where there is no D'yakonov-Perel' spin-orbit coupling due to the 



center inversion symmetry. For spin transport in bulk silicon in the presence of a magnetic field, the decay of the spin 
polarization should be mainly caused by the above mentioned inhomogeneous broadening if other spin-relaxation 
mechanisms are ignored. Moreover, the inhomogeneous broadening in this situation is particularly simple since all 
electrons have same precession axis, the only difference is the magnitude of the spacial precession frequencies cj^ 
given by Eq. (I300I I. Therefore bulk silicon provides an ideal platform to study this spin relaxation/decoherence due to 



the additional inhomogeneous broadening. As shown in Fig. lllOl indeed the spin injection length decreases with the 
magnetic field, consistent with the theoretical prediction 1 25 , 28, 32, 846]. 

Although the full kinetic spin Bloch equations with scattering are complicated, one can still obtain some analytical 
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results under some approximations 11251 l28l |32 , 191511 . Assuming that there are no applied electric field, inelastic 
scattering and the Ha rtree -Fock term, the kinetic spin Bloch equations for spin transport along the x-axis can be 
written as L25» S [Hi] 



dp'{x, k, f) Vk d 



dt 



2 dx 



{p^^\x,k,f) +p^^Ux,k,t)] = -/^[h'"'"^ ■ (Tl2,p"\x,k,ty[ -p'(x,k,t)/T[ 



(301) 



where - k/m* is the velocity of the electron with momentum k. p'(x, k, t) and h'(A:) are the /-th order of the Fourier 
components of p{x, k, t) and h(k) with respect to the angle of k and the x-axis, respectively. t[ is the Z-th order 



and t[ 



^-1 



momentum relaxation time due to the electron-impurity scattering. Noted that 1 /r^ 

In the diffusive limit where the momentum relaxation time is small, the higher order components p'(x, k, t) with 
|/| > 1 are small and can be neglected. If there is no spin-orbit coupling and the applied magnetic field is along the 
y-axis, by neglecting high er order Fourier components with |/| > 1, in the steady state the kinetic spin Bloch equations 
can be simplified as 184611 



^^1^ = -2(^) K, Wy,p\x,k)]] + i^[<TyJ{X,k)], 



(302) 



where to - gfisB is spin precession frequency in time domain under the uniform magnetic field B. In term of the spin 
momentum, the solution to this equation for the spin injection at jc = is a damped oscillation 



S^(x,k) - 5^(0, ^) cos 



-XOJA/X'it: 



with 



1 + 



(c^rh2 



1 



-1/2 



(303) 



(304) 



At low temperature, when the injected spin only polarized at the Fermi level, the spin injection length L^' - 
a>A/vf, with Vf standing for the Fermi velocity. The injection length obtained here decreases monotonely with the 
increase of magnetic field and scattering strength. Therefore, the scattering enhances the spin dephasing/relaxation 
in spin diff usion . The counter effect of the electron-impurity scattering on the inhomogeneous broadening here is not 
significant i846ll . 



7.2.1. Spin diffusion in Si/SiGe quantum wells 

In order to gain a deeper insight into the spin relaxation along the spin diffusion caused by the additional inhomo- 
geneous broadening addressed in the previous subsection, Zhang and Wu studied the spin transport in a symmetric 
silico n quantum well with even number of monoatomic silicon layers through the kinetic spin B loch equation approach 
i846ll . There is no D'yakonov-PereF spin-orbital coupl ing in this kind of quantum we ll 1 29 1 1 . Since the Rashba term 



1104011 . mere IS no U yakonov-rerel spm-orbital coupl ing m tms kipcI oi quantu 
is very small in the asymmetric Si/SiGe quantum well 1124 , l290[l29llE9l 17761. 



78111 . it was argued that their results 



also hold for the asymmetric Si/SiGe quantum wells as long as the D'yakonov-PereF term is weak enough |846]. 

The kinetic spin Bloch equations in (001) Si/SiGe quantum well are similar to those in GaAs quantum well [84^]. 
In the equations the drifting under the electric field, diffusion due to the spacial inhomogeneity and precession around 
the magnetic field (including the contribution of the Hartree-Fock term), as well as the spin-conserving scattering are 
all addressed. Numerical solutions of full kinetic spin Bloch equations for spin transport in silicon quantum well at 
r = 80 K with different scattering mechanisms and under different magnetic fields are shown in Figs. II 12l and [113l 



Figure [TT2l cleai'lv shows that the spin injection length decreases with increasing magnetic field, in accordance with 
the prediction by Weng and Wu [25, 336]. This result is easy to understand since = m*gfiB^/k_x is proportional to 
the magnetic field. Increase of the applied magnetic field results in the increase of inhomogeneous broadening. 

Figure [TT3] shows the effect of scattering on the spin diffusion. It is seen from the figure that adding any new scatter- 
ing leads to a shorter spin diffusion length. This is quite different to the results in the system with the D'yakonov-PereF 
spin-orbit coupling. When the D'yakonov-PereF spin-orbit coupling is present, the scattering not only opens a spin 
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dephasing/relaxation channel, but also has a counter effect on the inhomogeneous broadening iS [M Il090ll . 

In the strong scattering limit, adding a new scattering suppresses the inhomogeneous broadening and prolongs the 
spin diffusion length l! 25ll28ll . However, for the system without the D'yakonov-Perel' spin-orbit coupling, the counter 
effect of the scattering on the inhomogeneous broadening is marginal. The scattering affects the spin diffusion only 
through the momentum relaxation time and hence only reduces the spin injection length as shown by Eqs. ( 1303b and 
(13041) Ii8461 . 

The electron density dependence of the spin diffusion was also investigated at different temperatures. It was 
found that at relatively high temperature or low density, when the electrons are nondegenerate, the spin diffusion 
length and spacial precession period are insensitive to the electron density. At low temperate or high density when 
the electrons are degenerate, the spin diffusion length and spacial precession period increase with increasing density. 
This is understood from the Fermi wavevector dependence of the damping rate and precession period as shown in 
Eqs. ((3031) and (l304l i. 
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Figure 112: Spin polaiization Sy vs. position x in the steady 
state for intrinsic silicon quantum well under different magnetic 
field strengths. Solid curve: B = 2 T; Dashed curve: B = 1 T; 
Dotted curve: B = 0.5 T. T = 80 K and W, = QANq. From 
Zhang and Wu I846ll . 
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Figure 113: The steady-state spacial distributions of spin signal 
5; in silicon quantum well with different scatterings included. 
The curves labeled with "EE", "EP" or "EI" stand for the calcu- 
lations with the electron-electron, electron-phonon or electron- 
impurity scattering, respectively, while the curve labeled with 
"EI+EE+EP" stands for the calculation with all the scatterings. 
In order to get a clear view of the decay and precession of S-, 
the coiTesponding absolute value of Sj against x is also plotted 
on a log-scale (Note the scale is on the right hand of the frame). 
The dashed curves correspond to the part with 5; < 0. From 
Zhang andWu 18461. 



7.3. Spin oscillations in the absence of magnetic field along the diffusion 

When the D'yakonov-Perel' term is present, the problem becomes more complicated since in this case both the 
spacial precession frequencies and axis are momentum dependent. Studies of spin transport in the system with the 
spin-orbi t coupling from the kinetic spin Bloch equation approa ch ha ve predicted many novel results |25, 27 J28ll32 . 
336l l846ll . Some of them have been verified experimentally IJH l567ll . 



One interesting result is the spin oscillation in the absence of any applied magnetic field along the spin diffusion 
when the DresseUiaus and/or Rashba terms are present. In the spacial homogeneous system, spin oscillation without 
any applied magnetic field can only be observed in time domain at very low temperature {T < 2 K), i.e., in the 
weak scattering limit f368]. In high temperature regime where scattering is strong enough, the Dresselhaus and/or 
Rashba terms result in a monotonically decay of spin polarization versus time in the spacial uniform system. If one 
adopts simple relaxation approximation to describe the effect of the spin-orbit coupling, one should not expect any 
spin oscillation in the diffusive limit where the scattering is strong enough. Indeed, from the drift-diffusion equation 
Eq. ( 12751 ), there is no spin oscillation either in spin injection in the steady state or in transient spin transport if the 
applied magnetic field is absent. 

However according to the kinetic spin Bloch equation approach, in the spin transport the spacial spin precession 
is characterized by 6Jk [Eq. ( I300l l1. If one only considers the Dresselhaus effective magnetic field, the average of 
is {(jJk) = m*y{{k^^ - (fc?),0, 0). For electrons in quantum well, this value is not zero. Therefore, the spacial spin 



148 



Figure 1 14: Theoretical predictions of the absolute value of the spin imbalance \AN\ vs. the position x and the time f for a spin pulse in fi-type GaAs 
(001) quantum well based on the kinetic spin Bloch equation approach (left) and drift-dilfusion model (right). The initial pulse width 6x = 0. 15 /im. 
From Weng and Wu 1 2511 . 



oscillation due to the Dresselhaus effective magnetic field survives even at high temperature when the scattering is 
strong enough. 

By solving the kinetic spin Bloch equations, the spin oscillation without any app lied magnetic field was first 



predicted in the transient diffusion of a spin pulse in GaAs quantum wells 1124 |25L 12711 . A typical time evolution of 



spin pulse is shown in Fig. II 141 where the absolute value of the spin imbalance \ANa-(x, t)\ is plotted as a function of 
the position x along the diffusion direction and time t. The initial state is a spin pulse of Gaussian spacial profile, 
AN{x,Q) - ANoexp(-x^/6x^) with 6x - 0.15 fj.m. For comparison, the result based on the drift-diffusion model is 
also shown. One can see that the kinetic spin Bloch equation approach and the drift-diffusion model give quaUtatively 
similar results for the evolution at the center of the pulse, where it decays monotonically with time as a result of 
spin diffusion and spin dephasing. However, the results from these two theories are quite different for the evolution 
outside the original spin pulse. The result from the drift-diffusion model shows that spin polarization at large x first 
increases with time and then decays to zero. The sign of the spin polarization does not change throughout the space 
and time. On the contrary, the kinetic spin Bloch equation theory predicts that spin polarization oscillates with time. 
The oscillation is the combined result of the spin precession caused by the Dresselhaus effective magnetic field and 
the spin diffusion. 





Figure 115: The contour plots of spin imbalance AN vs. the position x and the time t for different pulse widths in «-type GaAs (001) quantum 
well, (a): Sx = 0.1 /im; (b): 6x = 1.0/im. T = 200 K. From Jiang et al. 



The evolutions of spin pulse with different pulse widths are shown in Fig. lll5l Since the oscillation is a result of 
diffusion and spin precession around the effective magnetic field, the system with narrower spin pulse shows stronger 
spin oscillation in the transient spin transport. For the narrower pulse, the peak of the reversed spin polarization 
appears in shorter time. Moreover, more oscillation can be observed with narrower pulse i27ll . 

The effects of the scattering and the electric field on the oscillation without any magnetic field were also studied. 
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It was shown that the oscillation is robust against the scattering. Adding the electron-impurity scattering slows down 
the diffusion but does not eliminate the oscillation. In some regime, the electron-impurity scattering even boosts the 
oscillation as it helps to sustain the spin coherence 1241 12711 . The Coulomb scattering has a similar effect on the spin 
diffusion and oscillation ll27ll . Without any electric field, the spin signals diffuse symmetrically in the space around 
the original pulse center When an electric field is applied along the diffusion direction, the diffusion is no longer 
symmetrical. The pulse is dragged against the electric field and stronger opposite spin polarization appears at the side 
against the electric field ll27ll . 
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Figure 1 16: Experimental result of spin precession in bulk GaAs without magnetic field, (a)-(c) images of two-dimensional spin flow (E=10 V/cm) 
at 4 K, showing induced spin precession with increasing [110] uniaxial stress, (d) Kerr rotation vs. probe photon energy for the images, showing 
blueshift of GaAs band edge with stress, (e) Line cuts thi'ough the images. Inset: Spacial frequency of spin precession vs. band edge shift. From 
Crooker and Smith 1 3 1]. 



The spin oscillation without any applied magnetic field in the transient spin transport was later observed exper- 
imentally by Crooker and Smith in strained bulk system Isill . which is shown in Fig. 11161 Unlike two-dimensional 
case, in bulk the average of (jj^ from the DresseUiaus term is zero, since (wk) = m*j{{k^) - (A;^), 0,0) - due to the 
symmetry in the y- and z-directions. This is consistent with the experimental result that there is no spin oscillation for 
the system without stress. However, when the stress is applied, an additional spin -orbit coupling, namely the coupling 
of electron spins to the strain tensor, appears lil[3ll fl30[l246[l570[ l Il091lll092ll . This additional spin-orbit coupling 
also acts as an effective magnetic field. In the experiment setup, the stress applied is along the [110] axis, the spacial 
oscillation caused by this additional effective magnetic field is characterized by 

<6;k> = -C3ev.v(0,l,0), (305) 

where C3 is a constant depends on the interband deformation potential and e,. j is in-plane shear lll[3ll [l30l.l246[ll091 



1 09211 ■ Therefore, once the stress is applied, one can observe spacial spin oscillation as shown in Fig. ll 161 even when 
there is no applied magnetic field. 

The spin oscillation without any a pplied magnetic field was later shown theoretically to survive even in the steady 
state spin injection ll28[[3l l949U95i . 

The oscillation without an applied magnetic field can also be understood from the simplified kinetic spin Bloch 
equations Eq. ( 13011 ). In the diffusive limit, by neglecting high order of the momentum relaxation time, Eq. ( 13011 ) can 
be further simplified as 



dS{x,t) d^S(x,t) 



= D- 



dS(x,t) <-»„^ 
- h X „ - r Six, f) 



dt dx^ dx 

in (001) GaAs quantum well where the dominant spin-orbit coupling is the Dresselhaus term. Here S{x,k,t) 
2k Tr{crp"(x, k, t)] is the spin momentum. D - {k^Tj^/2m*^} is the diffusion coefficient. 



(306) 



h = {k^Tl/in)(a, 0,0), 
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(307) 



is the net DresseUiaus effective magnetic field in the spin diffusion. The last term in Eq. ( I306l l is the spin relaxation 
caused by the Dresselhaus term together with the spin conserving scattering. The relaxation matrix reads 



r = 








- , 



(308) 



where 1/t|| = a^{k^T^^}/2 + {(■yk^)^T^^) /32 and 1/tj. = 2/t|| are the spin relaxation times of in-plane and ou t-of-plane 



components respectively. Similar equations have also been obtained from linear response theory II35L 1 107811 . One can 
clearly see the spin precession around the net effective magnetic field h from Eq. ( I306I I. In the transient spin transport, 
the precession around the effective magnetic field resu lts in spin oscillations in both time and space domains even 
when there is no applied magnetic field l2ll27[E8[l32i[336ll. Moreover, due to t he precess ion, the steady-state spm 
injection is no longer a simple exponential decay but a damped oscillation [l28, 32, 35, 1078 1. 



7.4. Steady-state spin transport in GaAs quantum well 

Due to spin oscillation, in the steady state the polarization of injected spin in GaAs quantum well is a damped 
oscillation AA^(x) oc tx^i-xILd) cos(x/Lo + <p). Here Ld and Lq stand for the diffusion length and the spacial oscillation 
period, respectively. How these two parameters change with the scattering mechanism, temperature, applied magnetic 
or electric field are important to the realization of spintronic devices. 



7.4.7. Effect of the scattering on the spin diffusion 

Similar to the spin kinetics in the spacial uniform system, the scattering also affects the spin transport in com- 
plicated ways. On one hand, each scattering mechanism provides additional channel of spin relaxation/dephasing 
in the presence of inhomogeneous broadening. Adding new scattering mechanism tends to increase spin relax- 
ation/dephasing. However, scattering also affects the charge and spin transport parameters such as diffusion coefllcient 
and mobility. Electron-impurity and electron-phonon scattering can directly change the electron momentum and re- 
duce the spin and charge difiiision coefficients and mobilities. For electron-electron Coulomb scattering, although it 
does not directly change the charge diffusion coeflicient and mobility, it red uces the spin diffusion coefficient through 
the inhomogeneous broadening and the Coulomb drag eff^ect lfi3l-[lll27[fl093 Ull0lll . All of these effects result in 
shorter spin injection length L^. On the other hand, the scattering tends to suppress the inhomogeneous broadening in 
time domain as well as in space domain. This helps to prolong the diffusion length Ld- These c omp eting effects o n spi n 
diffusion and spin transport were investigated using the kinetic spin Bloch equation approach 1124 l25l l27l l28l I32ll336ll . 
The main results are reviewed in the following. 
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Figure 1 17: Effect of the scattering on spin diffusion in the steady state at (a) T = 120 K and (b) T = 300 K in GaAs quantum well with a = 7.5 nm. 
Red curves: with only the electron-longitudinal-optical-phonon (EP) scattering; Green curves: with both the electron-electron (EE) and electron- 
longitudinal-optical-phonon scattering; Blue curves: with all the scattering, i.e., the electron-electron, electron-longitudinal-optical-phonon and 
electron-impurity (EI) scattering. The impurity density Nj = Ng . Note the scale of the incoherently summed spin coherence is on the right hand 
side of the figure. From Cheng and Wu 1231 . 
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Figure 118: N,r and p vs. the position x aX T = 120, 200 
and 300 K in n-type GaAs (001) quantum well with width 
a = 7.5 nm and L = 10 jum. Ni = 0. Note the scale of the 
incoherently summed spin coherence is on the right hand side 
of the figure. From Cheng and Wu [28,1 . 



Figure 119: Inverse of the period of the spin oscillation L^' 
(curves with •) and the spin dilfusion length Lj (curves with ■) 
for n-type GaAs (001) quantum well v.v. the external magnetic 
field B which is applied either vertical (||>', dashed curves) or 
parallel (||a:, solid curves) to the diffusion direction. T = 120 
K and Nj = 0. The dashed curves are for the vertical magnetic 
field and the solid curves are for the parallel one. Note the scale 
of the dift'usion length Lj is on the right hand side of the figure. 
From Cheng and Wu [2§J. 



In Fig. II 171 the spin-resolved electron density No- and the incoherently summed spin coherence p in the steady 
state are plotted against the position x by first including only the electron-longitudinal-optical-phonon scattering (red 
curves), then adding the electron-electron scattering (green curves) and finally adding the electron-impurity scattering 
(blue curves) with A^, - Ne at T = 120 K (a) and 300 K (b). In the calculation there is no applied magnetic field. 
One can see that the scattering affects the transport in a complex way: At T - 120 K, the spin injection length 
always decreases when a new scattering mechanism is added: is significantly reduced when the Coulomb scattering 
is added; adding electron-impurity scattering further reduces Lj, but only slightly. However, when T = 300 K, Ld 
becomes slightly shorter when the Coulomb scattering is first added, but becomes slightly longer when electron- 
impurity scattering is further added. These results show that for GaAs quantum well with width a = 7.5 nm, all 
scattering mechanisms are not strong enough at T = 120 K and the system falls into weak scattering limit. The 
counter effect of the scattering to the inhomogeneous broadening is weak. Therefore adding a new scattering reduces 
the injection length. AtT - 300 K, the scattering becomes stronger. As a result the competing effects of the scatterings 
cancel each other and result in marginal change in diffusion length when a new scattering is added. 

In Fig. II 181 the results of steady-state spin injection at different temperatures are shown. It is seen that the spin 
injection length slightly decreases as the temperature rises. The change in is mild due to the cancellation of the 
opposite effects in scattering. The spacial period Lq on the other hand systematically increases with the temperature. 
This is because when there is only the Dresselhaus term, Lq' ^ K<yk)l - l'M'y((^?) - (fc?))l- In small quantum well, 
(A:?) is larger than (k^.). As the temperature increases, {kf.} becomes larger and consequently Lq becomes larger. 

7.4.2. Spin transport in the presence of magnetic and electric fields 

The magnetic field effect on the steady-state spin diffusion is shown in Fig. 11 19| where the spin diffusion length 
Ld and the spin oscillation period Lq as functions of the applied magnetic field at T = 120 K are plotted. The direc- 
tion of the magnetic field is either vertical (along the y-axis) or parallel (along the .it-axis) to the diffusion direction. 
As the magnetic field increases the inhomogeneous broadening in spin diffusion, it leads to additional spin relax- 
ation/decoherence and therefore the spin diffusion length decreases with the magnetic field, regardless of the direction 
of the magnetic field. However, it is interesting to see that the spin diffusion length has different symmetries when 
the direction of the magnetic field changes: When B is parallel to the y-axis, Ld{B) - Ld{-B); However, when B is 
parallel to the x-axis, Ld{B) + Ldi-B). This can be understood from the fact that the density matrices from the kinetic 
spin Bloch equations have the symmetry Pk,,k^.,kziB) - Pk,,-k,.,k-(-B) when B is along the y-axis. This symmetry is 
broken if B is along the x-axis. 

Differing from the magnetic field dependence of the spin diffusion length, the spin oscillation period Lq de- 
creases monotonically with the vertical magnetic field, regardless the sign of the field. However Lq increases with 
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Figure 120: Spin-resolved electron density N„- vs. position x 
at different electric field E = 0.5, 0, -0.5 and -1 kV/cm and 
the spin diffusion length Lj for n-type GaAs (001) quantum 
well against the electric field £" at T = 120 K. Nj = 0. It is 
noted that although .v is plotted up to 10 /jm, L = 25 /jm when 
£■ = -1.0 and -0.75 kV/cm; 20 when E = -0.5 and -0.25 
kV/cm; 10 fim when £" = 0; and 5 /im when E = 0.5, 0.75 and 
1 .0 kV/cm. Note the scales of the spin diffusion length are on 
the top and the right hand side of the figure. From Cheng and 
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Figure 121: Spin transport at F = 40 V/cm and No = 1.4 X 
lO'* cm"' in strained bulk GaAs. (a) measured Faraday rotation 
for drift along [110] and strain along [110]; (b) calculated spin 
polarization with the parameters of (a) (using Cj = 5.2 eVA); 
(c) Spacial oscillation "frequency" A^' versus strain 6[iio], lin- 
ear fit corresponding to C3 = 8.1 eVA, and expected result for 
C3 = 5.2 eVA (dotted line); (d) measured Fa raday rotation for 
drift and strain along [100]. From Beck et al. l567ll . 



the parallel magnetic field when the field is along the difiiision direction and less than 4 T (the spin precession dis- 
appears when the field is larger than 4 T) but Lo increases with the magnetic field when it is anti-parallel to the 
diff'usion direction. In the presence of the Dresselhaus term and the applied magnetic field B, the spacial period 
is determined by m*y{{k^) - (A:?), 0,0) + m*gfiBR{l /k^}. {l/k^} represents the average of l/k^. Due to the spin 
transport it does not vanish and can be roughly estimated by (1/A: J"' ^ (k^) = Ek^.vA/k/ Hk^fk, which is a 
positive value for spin transport along x-direction. For the vertical magnetic field, the average of the Dresselhaus 
effective magnetic field and the applied one are perpendicular to each other, so the magnitude of the spin oscilla- 
tion period is determined by {(m* g^sB)^ I {kx)^ + fn*^y^({ky) — (^?))^] '^^ which always decreases with the magnetic 
field. However, for the parallel field, these two vectors are in the same direction and the period is determined by 
\m*y{{k^.) - {k^)) + m*gfj.^B/{kx}\^^. These two vectors can enhance or cancel each other depending on their relative 
strength and sign. For the particular case in Fig. 11 191 the the inverse of period Lq' decreases with the magnetic field, 
until B ~ 4T when \ ji{k^.) - {k^}) + gfJ.BB/{kx}\ ~ 0. Further increase of the magnetic field does not lead to clear spin 
oscillation since the inhomogeneous broadening caused by the magnetic field becomes too large. 

The effect of electric field on the spin transport is shown in Fig. [120] where the spin densities in the steady state 
are plotted against the position x at different electric fields E = 0.5, 0, -0.5 and -1 kV/cm. In the calculations, the 
temperature is 120 K and only the intrinsic scattering mechanisms, i.e. the electron-phonon and electron-electron 
Coulomb scatterings, are included. It is seen from the figure that the spin oscillation period almost does not change 
when the electric field varies from - 1 kV/cm to 0.5 kV/cm. The null effect of the electric field on spacial precession 
is quite different from the effect of electric field on the precession in time domain |569, 570]. In the spacial uniform 
system, due to the drifting of the electrons driven by the electric field, the Dresselhaus or Rashba term gives an effec- 
tive magnetic field proportional to the electric field. This effective magnetic field in turn gives a precession frequency 
proportional to the electric field |569, 570]. However, in the spin transport, the average of the inhomogeneous broad- 
ening {a>k) = m*j({kf.) - (A;?), 0, 0) does not depend on the drifting velocity, therefore is not a ffect ed by the electric 
field. This is consistent with the previous experimental observation in the strained bulk system 1*567], which is shown 
in Fig. 11211 In the experiment, the oscillation is induced by the additional spin-orbit coupling caused by the strain. As 
shown in Eq. (1305b . the spacial oscillation frequency [denoted as F"' in Fig. ll2U c)l is C^eyx, which is proportional to 
the strain but does not depend on the drifting velocity or electric field. 

It is further noted from the figure that the spin diffusion length is markedly affected by the electric field. To 
reveal this effect, the spin diffusion length is plotted as function of electric field in the same figure. One finds when 
the electric field varies from -1 kV/cm to H-1 kV/cm, the spin diffusion length decreases monotonically, which is 
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Figure 122: Schematic of the diflferent directions considered for the spin polaiizations ([110], [110] and [001]-axes and spin diffusion/injection 
(x-axis). From Cheng et al. (2^. 



consistent with the prediction of the drift-diffusion model Il928ll929ll . From inhomogeneous broadening point of view, 
this can be easily understood from the fact that when an electric field is applied along -x-direction (+x-direction), the 
drift velocity caused by the electric field is along the jc-direction (-jc-direction), which enhances (cancels) the velocity 
driven by the spin gradient. Therefore, {k^) is increased (reduced) and the inhomogeneous broadening is decreased 
(enhanced). A longer (shorter) spin diffusion length is then observed 1128 1. 



7.5. Anisotropy of spin transport in the presence of competing Rashba and Dresselhaus fields 

When the Dresselhaus and Rashba terms are both important in semiconductor quantum well, the total effective 
mag netic field can be highly anisotropic and spin kinetics is also highly anisotropic in rega rds to the direction of the 
spin 111941] . For some special polarization direction, spin relaxation time is extremely large 11194 , [l96l.l20ll339l.l9ll 
1920 1. For example, if the coefficients of the linear Dresselhaus and Rashba terms are equal to each other in (001) 
quantum well of small well width and the cubic Dresselhaus term is not important, the effective magnetic field is 
along the [110] direction for all electrons. For the spin components perpendicular to the [110] direction, this effective 
magnetic field flips the spin and leads to a finite spin dephasing time. For spin along the [110] direction, this effective 
magnetic field can not flip it. Therefore, when the spin polarization is along the [110] direction, the Dresselhaus and 
Rashba terms can not cause any spin dephasing. When the cubic Dresselhaus term is taken into account, th e spi n 
dephasing time for spin polarization along the [110] direction is finite but still much larger than other directions 159711 . 

The anisotropy in the spin direction is also expected in spin transport. When the Dresselhaus and Rashba terms 
are comparable, the spin injection length for the spin polarization perpendicular to [110] direction is usually much 
shorter than that for the spin polarization along [110] direction. In the ideal case when there are only the linear 
Dresselhaus and Rashba ter ms with identic al strengths, spin injection length for spin polarization parallel to the [110] 



direction becomes infinity |[l96[ 13391 1920I1 . This effect has promoted Schliemann et al. to propose the nonballistic 
spin-field-effect transistor 1339\. In such a transistor, a gate voltage is used to tune the strength of the Rashba term 
and therefore control the spin injection length. 

However, spin transport actually involves both the spin polarization and spin transport directions. The latter has 
long been overlooked in the literature of spin transport. In the kinetic spin Bloch equation approach, this direction cor- 
responds to the spacial gradient in the diffusion term [Eq. ( 1157b ] and the electric field in the drifting term [Eq. (I156l l]. 
The importance of the spin transport direction has not been realized until Cheng et al. pointed out that the spin trans- 
port is highly anisotropic not only in the sense of the spin polarization direction but also in the spin transport direction 
when the Dresselhaus and Rashba effective magnetic fields are comparable 1291] . They even predicted that in (001) 
GaAsguantum well with identical linear Dresselhaus and Rashba coupling strengths, the spin injection along [1 10] or 
[1 lOo can be infinite regardless of the direction of the spin polarization [29]. In the following we review the results 
on the anisotropic spin transport from the kinetic spin Bloch equation approach. 



The schematic of spin transport in (001) GaAs quantum well is shown in Fig. 11221 The transport direction is 
chosen to be along the x-axis, the angle between x-axis and [100] crystal direction is 6. In this coordinate system, the 



[1 10] or [1 10] depends on the relative signs of the Dresselhaus and Rashba coupling strengths. 
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Dresselhaus effective magnetic field is 



-k^ 

hz5(k) = f3{-k_, cos 20 + ky sin 20, k, sin 20 + ky cos 26*, 0) + y( " ^ ' ' sin 20 + /fc^l,, cos 26')(/tv, -k^, 0), (309) 
while the Rashba field reads 

h«(k) = a(ky, -k„ 0), (310) 
with p - y{kV}- For the special case with a - /3, the total magnetic field can be written as 

k^ — k^ 



h(k) = 2/3 



sm(0 - -)ki + cos(0 - -)ky 



no +r 



■ sin 20 + kjtky cos 20 



{ky,-k„0), (311) 



with the special direction fio = (cos(7r/4 - 0), sin(7r/4 - 0), 0) representing the crystal direction [110]. As given by 
Eq. ( I300l l, the spin precession around the effective field magnetic field is characterized by - m*h(k)/kx for spin 
transport along the x-axis. 



7.5.1. Spin injection under the identical Dresselhaus and Rashba strengths a ■ 
When a - p. 



■P 



sin(0 - -) + cos(0 - 



nky_ 
4'kx 



M() + y{ — - — - sin 26 + k^ky cos 20){ky/kx 



-1, 0) 



(312) 



It can be splitted into two parts: the zeroth-order term (on k) which is always along the same direction of fio and 
the second-order term which comes from the cubic Dresselhaus term. If the cubic Dresselhaus term is omitted, the 
effective magnetic fields for all k states ahgn along no (crystal [110]) direction. Therefore, if the spin polarization is 
along fio, there is no spin relaxation even in the presence of scattering since there is no spin precession. Nevertheless, 
it is interesting to see from Eq. (1312b that when = 37r/4, i.e., the spin transport is along the [110] direction, - 
2m*/3n() is independent on k if the cubic Dresselhaus term is neglected. Therefore, in this special spin transport 
direction, there is no inhomogeneous broadening in the spin transport for any spin polarization. The spin injection 
length is therefore infinite regardless of the direction of spin polarization. This result is highly counterintuitive, 
considering that the spin relaxation times for the spin components perpendicular to the effective magnetic field are 
finite in the spacial uniform system. The surprisingly contradictory results, i.e., the finite spin relaxation/dephasing 
time versus the infinite spin injection length, are due to the difference in the inhomogeneous broadening in spacial 
uniform and non-uniform systems. In spacial uniform system, the inhomogeneous broadening is determined by the 
D'yakonov-Perel' term, i.e., h(k) [Eq. (131 Ib l. which is momentum dependent. However in the spin transport problem 
the inhomogeneous broadening is determined by Wk, which is momentum-independent when the transport direction 
is along [110] here. This predict ion h as not yet been realized experimentally. However, very recent experimental 
findings on spin helix 1 18, 2^ 37, 921 1 have provide strong evidence to support this prediction. 



7.5.2. Spin-diffusion/injection-direction and spin-polarization-direction dependence at a — /3 

When the cubic Dresselhaus term is taken into account, 6>k becomes momentum dependent again for all spin 
transport directions. This inhomogeneous broadening results in a finite but still highly anisotropic diffusion length 



for both spin polarization and spin transport directions. The anisotropy is shown in Fig. 11231 where the spin diffusion 
length Ld and the inverse of the spin oscillation period Lq ' are plotted against the spin diffusion/injection angle for 
spin polarizations along fio, z and fii = z x fio (crystal direction [1 10]), respectively. 

It is seen that the spin injection length becomes finite but independent on the direction of the spin diffusion/injection 
if the spin polarization is along [110] (= fio). Meanwhile, the spin polarization along this direction has an oscilla- 
tion period approaching infinity. This can be understood because the spin polarization is in the same direction as the 
effective magnetic field given by the zeroth-order term in Wk and, thus, results in no oscillation. It is noted that the 
effective magnetic field from the second-order term of 6Jk is k-dependent and the average of the second-order term 
over k stat es is nearly zer o. Therefore the cubic term does not lead to any oscillation at high temperature due to the 
scattering ll363l l368 . 597 1. However, the inhomogeneous broadening due to the second-order term leads to a finite 



155 



spin diffusion length. By rewriting the second-order term of 6>k into j^k^ sin(20k + 26){ky/kt, -I, 0) with k and 
denoting the magnitude and the direction of the wavevector k respectively, one finds that the magnitude of the inho- 
mogeneous broadening does not change with the spin diffusion/injection direction 6. Consequently the spin diffusion 
length does not change with the spin diffusion/injection direction. 




Figure 123: Spin diffusion length Lj (solid curves) and the inverse of the spin oscillation period ' (dashed curves) for n-type GaAs (001) quantum 
well with a = jS as functions of the injection direction for different spin polarization directions no, z and Aj at T = 200 K. It is noted that the scale 
of the spin oscillation period is on the right hand side of the frame. From Cheng et al. t29il . 



When the injected spin momentum is perpendicular to fio, Lq and become anisotropic in regard to the spin 
transport direction. The spin injection length is small except around - 3n/4. Lq and are almost identical for two 
spin polarization directions z and fii. Because in this case, as y{k^) <s^ the kinetics of systems are determined by 
the zeroth order terms of 6>k which are the same for these two directions. The oscillation period in the diffusion Lq is 
determined by the k-independent component of 6>k [29il . i.e., 2m* /3 sin(0 - 7T/4)/h^ which is in good agreement with 

3n/4), the spin diffusion 



the results shown in Fig. 11231 Moreover, when the injection direction is along [110] (6 
lengths for all of the three spin polarization directions are almost identical. The anisotropy in the direction of the 
spin polarization disappears. This is because when the spin diffusion/injection direction is = 3n/4, the k-dependent 
component in the zeroth order term of Wk disappears. The spin injection length is determined by the inhomogeneous 
broadening in the quadratic terms in Wk, which are identical for any spin polarization directions. 
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Figure 124: Spin diffusion length Lj and spin oscillation period 
Lq atT = 200 K for spin transport in n-type GaAs (001) quan- 
tum well along B = 'in I A direction as functions of the electron 
density. Note the scale of the oscillation period is on the right 
hand side of the frame. From Cheng et al. \2% . 



Figure 125: Spin diffusive length and spin oscillation period 
Lq in «-type GaAs (001) quantum well at two different electron 
densities, 4 X lO" cm"^ and 4 X lO'" cm"- vs. the temperature. 
The spin diffusion/injection direction 6 = 3n/4. Note the scale 
of the oscillation period is on the right hand side of the frame. 
From Cheng et al. 12911 . 
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7.5.3. Temperature and electron- density dependence with injection along [110] and a — /3 

The electron-density and temperature dependences of spin injection along [110] in the case a - fi are shown in 
Figs. 1 1 24] and l 1 25l respectivelv. It is seen that the diffusion length decreases with electron density and temperature, 
whereas the oscillation period Lq increases with them. However, the change observed in the oscillation period is 
almost negligible (1%) in contrast to the pronounced changes observed in the diffusion length (more than 40%). This 
is quite different from the spin injection in GaAs quantum well when there is only the Dresselhaus term, where and 



Lo only change slightly with the electron density and temperature II25L 12811 . 

This is understood by the difference in the behavior of the inhomogeneous broadening 6>k. Unlike case of c = 
where the zeroth order term dominates the inhomogeneous broadening, when a - fi and 6 - 3n/4, the second- 
order term alone determines the inhomogeneous broadening. This term increases effectively with the temperature and 
electron density due to the increase of the average value of k'. This is the reason for the obtained marked decrease 
of the spin diffusion length. The oscillation period Lq is determined by the k-independent zeroth-order term of 6>k, 
which does not change with the electron density and the temperature. Therefore one observes only a slight change in 
the oscillation period, originating from the second-order term and the scattering. 

7.5.4. Gate voltage dependence with injection direction along [110] 

Spin transport along [110] under different gate voltages, i.e., different Rashba coupling strengths a since it can 
be controlled by the gate voltage, was also studied [29]. It was pointed out that when the cubic Dresselhaus term is 
present, the longest spin injection length no longer takes place at a = yS |29] ^ This can also be understood from the 



inhomogeneous broadening. For spin transport along [110] with Dresselhaus and Rashba terms, can be written as 

= 2[(-f3 + a+ - r^,^,]fii - 2Ce + a - ^{kl - ^2)]no. (313) 

It is seen that the effect of a on the inhomogeneous broadening is determined by the first term. In order to get the 
longest spin injection length, a should be tuned to make the first term become minimal. Due to the cubic Dresselhaus 
term, the optimized condition is a = yS = jS - y{k?')l2 instead of a = yS 1.29- 341 . This prediction was later confirmed 
by the experiment i37ll . 

7.6. Transient spin grating 

The drift-diffusion model tells that the spin signal exponentially decays with the distance in spin injection and 
the injection length is related with the spin diffusion coefficient Dj and spin relaxation time t, by the formula 
l^d — ^DsTs [Eq. ( 12761 )]. However, as pointed out by Weng and Wu [336,1 . the drift-diffusion model oversimplifies 
spin transport in semiconductors by neglecting the off-diagonal terms of the density matrix. When these terms are 
included, the spin signal in the spin injection was shown to be a damped oscillation, characterized by spin injection 
length Ld and spacial spin oscillation period Lo, instead of simple exponential decay [25, 28, 32]. In the extreme case 
of spin transport along the [1 10]-axis in (001) GaAs quantum well under the identical Unear Dresselhaus and Rashba 
spin orbit coupling strengths, the spin injection length becomes infinite even when the spin diffusion coefficient and the 
spin relaxation time are finite [29]. This result is totally beyond the drift-diffusion model as both Dj and are finite. 
Therefore, the relations among the characteristic parameters given by the drift-diffusion model need modification 
I 29I. 32 . 34, 35]. Weng et al. presented the correct relations among the characteristic parameters, which hold even 



under the extreme case like the case in Sec. 17.51 by studying the transient spin grating [32]. 

Transient spin grating, whose spin polarization varies periodically in real spa ce, is excited optically by two non- 



collinear coherent light beams with orthogonal linear polarization 11131 133L l37l I495L 1661(1 . Transient spin grating 
technique is well suited to study the spin transport since it can directly probe the decay rate of nonuniform spin 
distr ibutions. Spin diffusion coefficient Ds can be obtained from the transient spin grating experiments ifTii [33L 14951 
l661 ^. In the literature, the drift-diffusion model was employed to extract Ds from the experimental data. With the 
drift-diffusion model, the transient spin grating was predicted to dec ay ex ponentially with time with a decay rate of 
Yq - Dsq^ + 1 /r.5, where q is the wavevector of the spin grating ifisi l495ll . However, this result is not accurate since 



Similar conclusion has also been given by Stanescu and Galitski in Ref. [3J 
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it neglects the spin precession which plays an important role in spin transport. Indeed, experimental results show that 
the decay of transient spin grating takes a double-exponential form instead of single exponential one 11131 l33l 13711 . 
Therefore, it is worthy to study transient spin grating using the kinetic spin Bloch equation approach. 



7.6. 7. Simplified solution for transient spin grating 

The transient spin grating can be qualitatively understood in a simplified case where analytical solution can be 
obtained. By neglecting the Hartree-Fock term, the inelastic scattering such as the electron-phonon and the electron- 
electron Coulomb scatterings and the coupling to the Poisson equation, in the diffusive limit, one is able to write the 

kinetic spin Bloch equations as Eq. ( 1306b . with h and F being 



h = {k^Tl/m}i-/3cos20,^sm20 - a,Q), 



(314) 



and 



2 



C (a-+fi--2a^sm29)(k-Tl) 

+<(r*-')-T^>/i6 
2aj3{k^T\) cosie 





2a${k^Tl)cos 20 







+<(y*:'pT3>/8 



(315) 



for the system with both the Dresselhaus and Rashba terms. One can obtain the analytical solution of the above kinetic 
spin Bloch equations for transient spin grating as following ll32ll 



S,iq, t) = S,{q, Q)iA+e-'l^* + A^e-'i''-) 



(316) 



with relaxation rates 



in which 



1 



Dq- 



+ x(— + -)± — 



1 + 



1 ± 



^1 + 16D^V^/t;,,^ 



Here t,] (T52) is the spin relaxation time of the in-plane spin which mixes (does not mix) 
to the net effective magnetic field. For spin injection/diffusion along the [110] axis, T51 - 
and - {(a - Pf'k^r\)l2. For spin injection/diffusion along the [110] axis, t^i = ((1 
and r'^j - {{a + P)^k^T\)l2. In the long wavelength limit {q <K 1), r+ ^ I/tj -H 
1/Tji -h (1 - 4tj2/t"ji)£>^^ become quadratic functions of q, roughly correspond to the 
relaxation rates respectively. In general cases both of these two decay rates [Eq. ([J 
functions of q. If one uses the quadratic fitting to yield the spin diffusion coefficient, 
larger (for F+) or smaller (for r_) than the true one. The accurate way to get the 
coefficient should be from the average of these two rates 



(317) 



(318) 



with the out-of -plane spin due 

{{a-pfk\\)l2+y\k'Tl)l32 
a+pfer\)l2+y\k^Tl)l32 
(1 + 4r,2/T;i)D^2 ^jjjj Y_ ^ 

out-of -plane and the in-plane 
TTJl] are not simple quadratic 
one gets a value that is either 
information of spin diffusion 



r = (r+ + r_)/2 = V + 



(319) 



with 1 /r'j = ( 1 /r, -I- 1 /tji )/2, which differs from the current widely used formula by replacing the spin decay rate by 
the average of the in- and out-of -plane relaxation rates. The difference of these two decay rates is a linear function of 
the wavevector q when q is relatively large: 

AF = -H d. (320) 



For the simplified solution c - 2 yjD jT'^^ and li is a value close to zero. 

The steady-state spin injection can be extracted from the transient spin grating signal by integrating the transient 
spin grating signal Eq. (I316l l over the time from to 00 and the wave-vector from -00 to 00. From the simplified 
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solution [Eqs. ( 1316b . ( I319l l and ( I320b 1. the integrated transient spin grating reads S^{x) - S^(Q)e cos(x/Lo + lA) 
with 

Ls = 2DJ ^\c2-4DAlK-d)\, (321) 

Lo = 2DJc. (322) 

It is noted that if one only considers the Rashba term or the linear Dresselhaus term one can recover the result 
Ls - 2 '\JDsTs from linear response theory [35]. It is seen that the spin precession actually prolongs the out-of-plane 
spin injection length by mixing the fast decaying out-of-plane spin with the slow decaying in-plane spin. Equa- 
tions (1321b and (1322b give the right spin injection length and the spin oscillation period in the presence of the spin- 
orbit coupling. From the experiment point of view, one can monitor the time evolutions of transient spin grating with 
different wavevectors q and obtain the corresponding decay rates r±. By fitting F-t with Eqs. ( 1319b and (13201 ). one can 
then calculate the spin injection length and spin oscillation period accurately from Eqs. (1321b and ( 1322b . instead of 
using the inaccurate formula from the drift-diffusion model. Weng et al. demonstrated that the relations defined by 
Eqs. ( 13211 ) and ( 1322b are true even in the extreme case when the drift-diffusion model totally fails ll32ll . 



7.6.2. Kinetic spin Block equation solution for transient spin grating 




Figure 126: F = (r+ + r_)/2 and AF = (r+ - r_)/2 vs. 
q at T = 295 K in n-type GaAs (001) quantum well. Open 
boxes/triangles are the relaxation rates r+ /_ calculated from the 
full kinetic spin Bloch equations. Filled/open circles represent 
F and AF respectively. Noted that the scale for AF is on the right 
hand side of the frame. The solid curves are the fitting to F and 
AF respectively. The dashed curves are guide to eyes. From 
Weng et al. (331. 
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Figure 127: Spin relaxation times t+ vs. temperature in n-type 
GaAs (001) quantum well for (a) high-mobility sample with 
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cm ' . The dots are the experiment data from Ref . [33l1 
Weng et al. (Hi. 
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The spin diffusion coefficient together with the relations Eqs. ( 13211 ) and ( 1322b obtained by the above simplified 
kinetic spin Bloch equations are derived with only the elastic scattering approximation. It does not take into account of 
the inelastic electron-phonon and electron-electron Coulomb scattering. Therefore the diffusion coefficient obtained 
from Eq. ( 1319b does not include the contribution of the spin Coulomb drag. Moreover, this approach oversimplifies 
the complex effect of the scattering on the spin transport. Whether these relations remain valid in the genuine situation 
remains yet to be checked. To answer this, Weng et al. numerically solved the full kinetic spin Bloch equations with 
all the scattering explicitly included ||3^. Their numerical results showed that all of the important qualitative results 
presented in Sec. 17.6.11 are still valid. Especially, the temporal evolution of the transient spin grating with all the 
scattering included still shows a double-exponential decay, which agrees with the experimental result [13, 33, 37] but 
is contrary to the result from the drift-diffusion model. Moreover the two decay rates can still be fitted with Eqs. ( 1319b 
and ( 13201 ) pretty well |32]. The fitting is shown in Fig. 11261 where the relaxation rates Fj- = 1 /tj-, their average F and 
difference AF of a typical transient spin grating are plotted as functions of q. The numerical results suggested that the 
two decay rates F-t = I/tj- are not quadratic functions of q, but their average decay rate F is. Using quadratic function 
to fit the decay rates F-t(^), one gets poor result. In contrast, the average decay rate F fits pretty well by a quadratic 
function F - Dsq^ + 1/Tj. The resident error of the quadratic fitting for F is two orders of magnitude smaller than 
those of F-t. Moreover, for F the constant term is very close to 4tJ3, inverse of the average of the in-plane and 
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out-of-plane spin relaxation rates. Inspired by Eq. ( |319l l, the coefficient of the quadratic term D, can be reasonably 
assumed to be the spin diffusion coefficient. In this way one can calculate the spin diffusion coefficient with the effect 
of spin Coulomb drag included. For AF, it can be accurately fitted by a linear function of q. It is therefore concluded 
that even with all the scatterings included, one can still extract the spin diffusion coefficient Ds and obtain the injection 
length and oscillation period using Eqs. ( 1321b and (13221 ) from the transient spin grating experiments. 

From Eqs. ( |319t and (1320b one can see that t+ decreases monotonically as q increases while t_ has a peak at some 
wavevector q^. Earlier theoretical works, which only considered linear DresseUiaus term, predicted that the ratio of 
these two relaxation times t_/t+ and the position of the peak qa do not vary with temperature IH, 35]. However, 
Weng et al. showed that once the cubic DresseUiaus term is included, both t_/t+ and depend on temperature. With 
the cubic Dresselhaus term, the peak position q^ moves from qo - VT5m*j6/2 (which is independent of temperature) 
to ^0 = yplSm'P/l - VT5m*(j6 - yk^ 12)12. Since {k^) increases with increasing temperature, thus decreases with 
it. The temperature dependence of t+/t_ also originates from the contribution of the cubic Dresselhaus term. These 
theoretical results qualitatively agree with experiment ones |33]. In additional to the correct qualitative agreement 
between the theoretical and experimental results, the quantitative accuracy of results from the kinetic spin Bloch 
equation approach is also good. The results are shown in Fig. 11271 in which spin relaxation times are plotted as 
function of t empe rature together with the experimental data from Ref. |33]. In the calculation the finite square well 
assumption [372] was used, and all the parameters were chosen to be the experimental values if available. The 
only adjustable parameters were the spin-orbit coupling coefficients y and a. In the calculation, y was chosen to be 
11.4 eVA^ and 13.8 eVA'' for the high [Fig. 11271' a) 1 and low mobility [Fig. 1127^ )1 samples respectively and a was 
set to be 0.3yS, close to the choice in the experimental work 113 311 . 



7.6.3. Spin Coulomb drag 
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Figure 128: A representation of electron-electron Coulomb 
scattering that does not conserve spin-current. Before the col- 
lision the spin-current, Jspin, is positive; after, it is negative. 
The charge cuiTent, J^, does not change. Colors correspond to 
spin states. From Weber et al. fl3[l . 
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Figure 129: Diffusion coefHcient as a function of temperature in 
ji-type GaAs (001) quantum well. Solid circles: Spin dilfusion 
constant D, with Coulomb drag; Open circles: Charge diffusion 
constant D^. From Weng et al. [" 32r . 



From the evolution of the transient spin grating one can observe the Coulomb drag effect on the spin diffusion 
directly. The effect of electron-electron Coulomb scattering on the spin diffusion coefficient is illustrated in Fig. 11281 
For spin-unpolarized charge diffusion, the electrons move along the same direction and the Coulomb scattering does 
not change the center-of-mass motion, therefore it does not change the charge diffusion coefficient directly. However, 
for the spin transport, spin-up and -down electrons move against each other Therefore the Coulomb scattering be- 
tween them slows down the relative motion of these two spin species and thus reduces spin diffusion coefficient. This 



is the so-called s pin drag or spin Coulomb drag effect lll3l - ll5Ll27lll093l - ll 10111 . which was first proposed by D' Amico 
and Vignale 



10944109811 . 



In Fig. ll29l the spin diffusion coefficient calculated in the above mentioned method as a function of temperature 
was presented. For comparison, the charge diffusion coefficient, which is calculated by solving the kinetic spin Bloch 
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equations with the initial condition being the charge gradient instead of the spin gradient, is also included. It is clearly 
seen from the figure that Ds < Dc- 

From the figure one can tell that in the relative high temperature regime, as the temperature increases, the spin 
and charge diffusion coefficients and their difference all decrease. Therefore the Coulomb drag is stronger in the 
low temperature regime. However, even at room temperature the Coulomb drag is still strong enough to reduce the 
diffusion coefficient by 30%. These results quantitatively agree with those of Refs. 1 1 094 1095,1 . It should be pointed 
out that the reduction of spin diffusion coefficient mostly comes from the Coulomb drag. The spin-orbit coupling only 
has small effect on the diffusion coefficient since the spin-orbit coupling is very small compared to the Fermi energy. 
The numerical result shows that the removal of the spin-orbit coupling only changes spin diffusion coef ficient by one 
tenth percent for the system studied, which is consistent with the result from the linear response theory lll099ll . 



Phenomenologically, the spin Coulomb drag modifies Ohm's law as E,, - p,pfj,f, in which E;, is the "electric" 
field on electrons with spin rj. The field also includes the contribution from the gradient of the local chemical potential, 
which can be spin dependent. The off-diagonal terms of the resistivity pn correspond to the spin drag resistivity, 
defined by pn - Ei/ji when j-f = 0. Using the generaliz ed Ein stein relations with the spin Coulomb drag effect taken 



into account, the spin diffusion coefficient reads [13-151.1109411 



^ , (323) 

Dc X.-! 1 + \Pn\lp 

where Dc and p are the charge diffusion coefficient and mobility, respectively wAxolXs is the many -body enhance- 
men t of spin suscept ibility of the electron gas. In normal electron density and temperature, xqIXs is close to 1 



0131 l848l ll I02l [1103]. Spin dra g resi stivity can be calculated from the linear response theory. In two dimension, it 
takes the form of 1l14„ JJ, 1094 ^llOlll : 



le^n-^nikBT J (InY Jo 27r smh^(w/2r) 

in which V-fi(Q' '^^e dynamically screened effective Coulomb interaction between spin t and i electrons. IIo;, is 
the non-interacting s pin-re solved polarization function. Spin-orbit coupling is shown to have small enhancement to 
spin drag resistivity [10991. Pix increases with temperature as (T/TfY in low temperature regime (T <k Tf) but de- 
creases with temperature as 1/T in high temperature regime (T » Tf) [1093, 1095]. The quantitative comparison of 
Pll between theoretical calculation and experiment results is shown in Fig. 11301 With the modification of finite quan- 
tum well width and local field correlations, pt j calc ulated from Eq. ( I324l i is in good agreement with the experiment 



data exti-acted from Ref. [[ij using Eq. ( |323] ) IlllOlh 



Jiang et al. showed that the spin Coulomb drag also plays an important role in the transient spin transport H27I1 . 
In Fig. 1131! the spacial profiles of the spin imbalance at different times are plotted for a Gaussian spin pulse with 
different scattering. It is clearly seen that when the Coulomb scattering is included, both the diffusion of the spin 
pulse and the decay of the spin polarization at the center of the pulse become much slower. When there is only 
electron-phonon scattering, a third peak in AA^,^ appears after about 15 picosecond diffusion. The Coulomb scattering 
delays the appearance of the third peak to 35 picoseconds. Moreover, since the Coulomb scattering reduces the spin 
dephasing, the magnitudes of the spin polarization and the peaks with the Coulomb scattering are higher than those 
without. 



7.6.4. Infinite spin injection length in Sec. \7.5\ revisited from the point of view of transient spin grating 

For most of the cases, determined by Eq. ( 1321b is in the same order of VSTrJ, although the former is usually 
larger. However, there are some special cases, say the denominator in Eq. ( 1321b approaches zero, where Lj can be 
orders of magnitude larger than yfDiTs- Specifically, according to Cheng et al. i29ll . reviewed in Sec. 17.51 when the 
spin injection/transport direction is along [110] in (001) quantum well, becomes larger and larger as a approaches 
P, regardless of the direction of spin polarization. In the limit ofa-/3, the spin injection length tends to infinity when 
the cubic Dresselhaus term is ignored and the spin polarization oscillates with a spacial period of 2n/{2m*P) without 
any decay fl^. 

The non-decay spin oscillation model can also be understood from the point of view of transient spin grating. 
From the simplified solution in Sec. 17.6.11 one obtains that the fitting parameters for AF are c/ — > and c — > 2 ^DJt'^ 
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Figure 130: Spin drag resistivity pn as a function of temper- 
ature for in n-type GaAs (001) quantum well with the electron 
density n = 4.3 X lO" cm"^. The dashed and dotted curves 
correspond to p^, calculated within the random phase approxi- 
mation for quantum well width = and 12 nm, respectively. 
The solid curve correspond to p||, calculated beyond the ran- 
dom phase approximation for a = 12 nm. The symbols repre- 
sent pt i , deduced from the expe rimen tal data for a = 1 2 nm of 
Ref. oil. From Badalyan et al. IllOlll . 
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Figure 131: The absolute values of the spin imbalance lAA'o-l 
vs. the position x at certain times f in «-type GaAs (001) quan- 
tum well for the cases with only the electron-phonon scattering 
(orange); the electron-phonon and electron-electron scattering 
(blue); and the electron-phonon, electron-electron and electron- 
impurity scattering (green). The red curve shows the initial spin 
pulse. AA'^(O) = 10" cm-2, 6x = 0.1 fim and W, = 0.5N,. 
Solid curves: AN > 0; Dashed curves: AN < 0. From Jiang et 
al. m. 



when ff — » j6 in the system without the cubic Dresselhaus term. Consequently t± - ( yfOq ± 1 / ^/TJ)^^ when a - /3. It 
is then straightforward to see that t_ becomes infinite provided q - qo - 1 / V^rJ - 2m* fi. Therefore the steady-state 
spin injection along [110] axis is dominated by this non-decay transient spin grating mode which is responsible for 
the infinite spin injection length and the spacial oscillation period In/qo - 2nl{2m*P) ll32ll . 

7.6.5. Persistent spin helix state 

The spin transport model with infinite spin injection length in the Sec. l7.5.l| [291, or the non-decay transient spin 
grating with wavevector qo - (qo,0,0) in the previous subsection ['32], is related to the persistent spin helix, which 
was first proposed by Bernevig et al. [_18. 20, 37, 921]. Persistent spin heUx has an SU(2) symmetry which is robust 
against the spin-conserving scattering. The SU(2) symmetry of the persistent spin helix is generated by the following 
operators lli: 

^qo = Z ^k;-Ck+qo;+ , ^ 4 = Z ^k+qo;+Ck;- , 5^ = Z^^k;+Ck;+ - 4;-Ck;-). (325) 
k k k 

Here c^.^ {ck;A) is the creation (annihilation) operator of electron with momentum k and spin A. A - + are the index 
of spin eigenstates with spin-orbit coupling. It is noted that nonzero (5^) corresponds to spin polarization along [110] 
direction. While nonzero {S^^) correspond to spin grating with wave-vector Qq. The spin profile of nonzero {S^^) in 
the real space is helical wave. The out-of-plane mode of the spin helix is illustrated in Fig. 1132b . 

The generating operators of persistent spin helix obey the communication relations for angular momentum, 

\Sl^SX\^±2Sl, [5;,5^]=55. (326) 

Moreover, since |k; and |k + qo; -) are degenerate, these operators also commute with the electron Hamiltonian. 
This symmetry is robust against spin conserving scattering, such as electron-impurity, electron-phonon and electron- 
electron Coulomb scatterings, since these three operators also commute with the finite wave-vector particle densities 
Pq - YitT <^k+q,j'^ko-^ which are the components that appear in the scattering Hamiltonian. This SU(2) symmetry means 
that the life time of expectation values of Sq,S^^ are infinite, and hence the transient spin grating with qo does not 
decay with time even when there is spin conserving scattering. In spin transport, this corresponds to the infinite 
spin injection length proposed by Cheng et al. ll^, 22, 32 1. When the cubic Dresselhaus term is present, the SU(2) 
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Figure 132: a. Transient spin grating decay curves at various 
wavevectors, q, for an asymmetrically doped GaAs quantum 
well with a mixture of Rashba and Dresselhaus spin-orbit cou- 
plings, b. Lifetimes for the spin-orbit-enhanced [te, correspond- 
ing to T_ in Eq. j317H and -reduced [tr, corresponding to r+ in 
Eq )317H helix modes extracted from double-exponential fits to 
the data in a. The solid lines are a theoretical fit (see text) using 
a single set of spin-orbit parameters for both helix modes. Er- 
ror bars (s.d.) are the size of the data points, c, Illustration of 
a helical spin wave, which is one of the normal modes. In this 
picture, z is the growth direction [001], and the axes x' and y' re- 
spectively refer to the [110] and [lIO] directions in the plane of 
the quantum well. The green spheres represent electrons whose 
spin directions are given by the an'ows. From Koralek et al. l37h . 
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Figure 133: a, c, Lifetimes of the enhanced helix mode are 
shown for GaAs quantum wells with varying degrees of doping 
asymmetry (a) and well width (c). The normalized asymmetry 
is the difference between the concentrations of dopants on either 
side of the well, divided by the total dopant concentration, b, d. 
Plots summarizing the spin-orbit parameters from these fits in 
a and c. In this figure, the spin-orbit coupling strengths are ex- 
pressed as dimensionless quantities by normalizing to the Fermi 
velocity. j8i and jSs are the coefficients of the linear and cubic 
Dresselhaus terms, corresponding to /J and y in the text, respec- 
tively. From Koralek et al. ISTT . 



symmetry is broken, the lifetimes of the spin helix become finite, which corresponds to the finite spin injection length 
in the presence of the cubic Dresselhaus term 

Recently, Koralek et al. have observed the emergence of the persistent spin helix experimentally in the asym- 
metrically modulation-doped GaAs quantum wells, where both the Dresselhaus and Rashba spin-orbit couplings are 
important, by using the transient spin-grating spectroscopy |37]. 



Their results are shown in Figs. 1 1321 and II 331 The 
experiment results clearly show that the transient spin grating signal is in a double exponential decay form and can 
be fitted by two lifetimes, te and tr (corresponding to t_ and t+ in the previous subsections). For some special 
wavevectors, te is much larger than tr when the Dresselhaus and the Rashba terms are comparable. All of these 
experimental results consist with the theoretical ones 1 32, 33{]. By constructing a series of quantum wells with differ- 
ent well widths (to tune the linear Dresselhaus spin-orbit coupling) and doping asymmetries (to change the Rashba 
spin-orbit coupling), Koralek et al. demonstrated how the lifetimes of spin helix depend on the Dresselhaus and 
Rashba terms as well as temperature. They found that the optimized condition to observe the peak spin helix lifetime 
K a - p - p - yk^ 12 instead of a - f5 due to the existence of the cubic Dresselhaus term. This finding is consistent 
with the previous theoretical predictions ||29[ l32l 13411 . 



8. Summary 

The main concern of this review was to give an overview of the latest developments of the spin dynamics of 
semiconductors. We focused on two main issues: (i) spin relaxation and dephasing and (ii) spin diffusion and transport. 
We reviewed both experimental and theoretical progresses in these two directions. In theoretical part, besides the 
results based on the single-particle approach, we reviewed our systematic investigation based on fully microscopic 
many-body kinetic spin Bloch equation approach. IVIany novel effects predicted by this approach have been realized 
experimentally. Also many widely adopted common beliefs based on the single-particle theory in the literature were 
shown to be incorrect. We provided a comprehensive understanding of the spin dynamics of semiconductors and their 
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confined structures from a fully microscopic many-body point of view. 
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